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Abstract: Generic D-brane string models of particle physics predict the existence of extra 
U(l) gauge symmetries beyond hypercharge. These symmetries are not of the Eq class but 
rather include the gauging of Baryon and Lepton numbers as well as certain Peccei-Quinn- 
like symmetries. Some of the C/(l)'s have triangle anomalies, but they are cancelled by a 
Green-Schwarz mechanism. The corresponding gauge bosons typically acquire a mass of 
order the string scale Mg by combining with two-index antisymmetric fields coming from 
the closed string sector of the theory. We argue that in string models with a low string scale 
Ms oc 1 — 10 TeV, the presence of these generic C/(l)'s may be amenable to experimental 
test. Present constraints from electroweak precision data already set important bounds 
on the mass of these extra gauge bosons. In particular, for large classes of models, p- 
parameter constraints imply Ms > 1.5 TeV. In the present scheme some fraction of the 
experimentally measured Z° mass would be due not to the Higgs mechanism, but rather to 
the mixing with these closed string fields. We give explicit formulae for recently constructed 
classes of intersecting D6- and D5-brane models yielding the Standard Model (SM) fermion 
spectrum. 
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1. Introduction 

One of the aims of string phenomenology is to extract generic features of realistic string 
models which can be considered as 'predictions' that could eventually be tested experi- 
mentally. Finding one generic property of string models is particularly relevant, given the 
large degeneracy of string vacua. 

At present there are two general classes of chiral D-brane models with realistic prop- 
erties, corresponding to D-branes at singularities Jl], ^, |j| and D-branes intersecting at 
non-trivial angles [5], ^, 0, [|, |To|, 11, 13, Q. Both classes of models share very en- 



couraging phenomenological prospects: in both cases it is possible to construct three-family 
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models resembling very much the structure of the Standard Model (SM). The gauge symme- 
try always arises from a product of U (N) groups and the matter fields transform generically 
in bi- fundamental representations of those groups, giving rise to a rich structure that can 
be encoded in terms of quiver diagrams [12, 15]. Another interesting property of explicit 
D-brane models is that the proton appears to be generically stable. There are also other 
characteristics that are more model dependent: the models may be non-supersymmetric 
Q, |, |, |, §, 0, §, |, 0, 0, [G| |1||, supersymmetric @, |, |] or "quasi" -supersymmetric 
fj~2| , p^l , the string scale may be as high as the Planck scale and as low as ITeV and gauge 
and Yukawa couplings may be found to take realistic values. 

It is then desirable to concentrate on one generic feature of this class of models. In 
this paper we will study in detail the general implications of having extra U(l) symmetries 
beyond the Standard Model hypercharge, which is generic in D-brane models [16|. The 
reason for the appearance of the extra C/(l)'s is the following. The basic structure of D- 
branes implies the existence of a U(l) for each D-brane. Having N overlapping D-branes 
implies that open string states ending on different D-branes become massless when the 
separation vanishes and the U(1) N symmetry is enhanced to U(N). Therefore, whenever 
we look for a chiral model including the symmetries of the Standard Model of particle 
physics, we cannot obtain just the symmetries SU(3) x SU(2) x U(l) but instead we will 
have at least U(3) x U(2) x U(l). This implies that there will necessarily be additional 
U(l) symmetries beyond the Standard Model and also that these extra C/(l)'s are precisely 
defined to be the ones that complete the SU(N) groups to U(N). If the string scale is 
sufficiently low, the associated gauge bosons may be relatively light and precision tests of 
the Standard Model can already set a bound on their masses which in turn may imply a 
bound on the string scale. In this context notice that signatures of additional Z' bosons can 
be detected easier than almost any other possible signature beyond the Standard Model 

0, 0, U0. 

Most of the extra C/(l)'s in D-brane models are usually massive and the mechanism 
through which they acquire a mass is well understood p2|, p3[ (for related discussions see 



1 24, 25, |26|, 27, 28, |29|). This is due to the existence of interaction terms of the form 
B AF, where B stands for the two-index antisymmetric tensors present in the closed string 
sector of the theory. These terms are crucial for the existence of the D = 4 Green-Schwarz 
mechanism for the cancellation of U(l) anomalies. Upon dualization, these terms convert 
into Stuckelberg mass terms for the corresponding gauge field. Interestingly enough, these 
couplings have been found [||] not only for 'anomalous' C/(l)'s but also for non-anomalous 
ones. The general situation is that only U(l) of hypercharge survives as a massless gauge 
boson and all the other extra Abelian gauge bosons acquire a mass of the order of the string 
scale. If this scale is close to 1 TeV then it may be easy to find signatures of those fields. 
In particular, in the present scheme a fraction of the mass of the Z° boson would be due 
not to the standard Higgs mechanism, but to the mixing with closed string antisymmetric 
tensor fields B. 

The study of explicit models shows that the additional C/(l)'s may correspond to 
physically relevant symmetries: baryon number, lepton number and a PQ-like symmetry. 
The interesting aspect is that these symmetries may still survive at low energies as exact 
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global symmetries. The reason for this is the way those fields acquire a mass, which is not 
the standard Higgs mechanism, since it is not necessarily accompanied by a non vanishing 
vev for any scalar field. Thus there is no longer a local invariance (there is no massless 
U(l) boson) but the global symmetry remains. The survival of the baryon number as 
an effective global symmetry naturally guarantees the proton stability, which is a serious 
problem in models with a low string scale. 

In this context, a class of explicit Type IIA orientifold models was recently constructed 
yielding just the fermions of the SM at the intersections of D6-branes wrapping a 6-torus 
fl~2l , [ilfl . These brane configurations provide a natural explanation for properties of the SM 
like family replication, due to the fact that branes wrapped on a compact space typically 
intersect more than once. More recently, these constructions have been extended to the 
case of intersecting D5-branes []l4|]. These brane intersection models provide us for the 
first time with explicit realistic models in which the structure of U(l) gauge bosons can 
be analyzed in detail. In these models one can write explicit results for the couplings of 
the RR-scalars to the U(l) gauge bosons which eventually give Stuckelberg masses to the 
extra C/(l)'s. This is the reason why we will concentrate in the numerical analysis on the 
specific case of D6- and D5-brane intersection models. 

The paper is organised as follows. In the next chapter we start with a general discussion 
of the mechanism by which two-index antisymmetric fields can provide explicit (Stuckel- 
berg) masses to Abelian fields, without the presence of any Higgs mechanism. Then we 
review the D-brane intersection scenario in which quarks and leptons appear at intersec- 
tions of D-branes. We show how in this scenario there are in general three extra J7(l)'s, of 
which two have triangle anomalies cancelled by a Green-Schwarz mechanism. We discuss 
in turn the case of D6- and D5-brane models and provide explicit results for the couplings 
of the different antisymmetric B-fields to the relevant Abelian fields. 

In section ^ we outline the general approach we will follow in the study of the mass 
matrix of Abelian gauge bosons before the electroweak symmetry breaking. This is done 
for some families of D6-brane models as well as D5-brane models. We then describe the 
method to be used for including the effects of the electroweak symmetry breaking on the 
U(l) masses. 

In Section |I| we detail our analysis of the masses of U(l) fields before electroweak 
symmetry breaking following the strategy of Section ||[ We provide explicit results for the 
masses of U(l) fields as well as the constraints induced on the value of the string scale 
Ms for D6 and D5-brane models. In Section || the effects of the electroweak symmetry 
breaking are analysed in detail. The neutral gauge bosons acquire now a mass from a 
combination of two sources: mixing with antisymmetric B-fields and the standard Higgs 
mechanism induced by the vevs of electroweak doublets. We show how the presence of the 
stringy source of mass for the Abelian gauge bosons has an impact on the p parameter. 
Present /^-parameter constraints imply sizable bounds on the masses of the extra Z' bosons 
(and hence on the string scale Ms). We analyze in detail some D6-brane and D5-brane 
classes of models and give corresponding bounds. In Section ^ some general comments and 
conclusions are presented. The Appendix contains some additional formulae referred to in 
the main text. 
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2. Extra U(l)'s in D-brane Standard Model-like models 



In this section we address the structure of gauged Abelian symmetries beyond hypercharge 
in D-brane settings yielding the SM at low energies. As mentioned, explicit string D-brane 
models yielding three generations of quarks and leptons have been constructed in the last 
few years. In order to obtain chirality it has been considered the location of the SM stacks of 
branes to be at some (e.g., Zn orbifold) singularity or/and settings involving intersecting 
branes. We will concentrate here on models based on intersecting D6- or D5-branes in 
which it has been recently shown that models with the massless fermion spectrum of the 



SM are easy to obtain Jg, 14 1 , although we think that much of our results are generalisable 
to other classes of D-brane models. 

Before proceeding to the description of the intersecting D-brane models let us review in 
more detail how the U(l) gauge bosons acquire a mass from the presence of B/\F couplings, 
which is a generic mechanism in string theory models. We would like to emphasize that 
there is an important difference from the standard Higgs mechanism in the sense that there 
is not necessarily a remnant massive scalar field to play the role of the corresponding Higgs 
boson. 

2.1 Green-Schwarz terms and massive ?7(l)'s 

To understand the basis of the mechanism giving masses to the t7(l)'s let us consider the 
following Lagrangian coupling an Abelian gauge field A p to an antisymmetric tensor B pv : 

1 1 c 

r — - — H^ up H —F^ U F A--e^ vpa B F (2 1) 

i-> — ^2 n nvp 4^2 ^ 4 D p,v r P o, ^-r; 

where 

Hp, up = d p B vp + d p B pv + d u B pfl , F pv = d^A u — d v A p (2.2) 

and g, c are arbitrary constants. This corresponds to the kinetic term for the fields B^ v and 
Ay, together with the B A F term. We will now proceed to dualize this Lagrangian in two 
equivalent ways. First we can re-write it in terms of the (arbitrary) field H pup imposing 
the constraint H = dB by the standard introduction of a Lagrange multiplier field r\ in the 
following way: 

Co = ~H^" Upvp ~ ^F^ F pv - | e^Hp Vp A. - ^r,e^d^H upa . (2.3) 

Notice that integrating out r\ implies d*H = which in turn implies that (locally) H = dB 
and then we recover (2.1). Alternatively, integrating by parts the last term in ( |2.3[ ) we are 



left with a quadratic action for H which we can solve immediately to find 

H^p = -c & vpa (A a + d a r]) . (2.4) 
Inserting this back into (|2.3| ) we find: 

C A = ~ F^ F/jj, -j(A« + d^) 2 (2.5) 
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which is just a mass term for the gauge field after "eating" the scalar rj to acquire a 
mass m 2 = g 2 c 2 . Notice that this is similar to the Stiickelberg mechanism where we do not 
need a scalar field with a vacuum expectation value to give a mass to the gauge boson, nor 
do we have a massive Higgs-like field at the end. 

Furthermore, we can understand this mechanism in a dual way in which it is not the 
gauge field that "eats" a scalar, but the antisymmetric tensor that "eats" the gauge field 
to gain a mass. This can be seen as follows. Start now with the first order Lagrangian: 

Co = ~H^" H^p - ^F^F^ + | e^B^ F pa + ~ Z p e^d u F pa . (2.6) 



where F^ v is now an arbitrary tensor (not determined by (2.2)) and is a Lagrange 
multiplier enabling the condition F = dA. Similar to the previous case, integrating over 
Z p gives back the original Lagrangian, (^]l|) but integrating by parts the last term and 
solving the quadratic equation for F pv (now an arbitrary field) gives the dual Lagrangian: 

C B = -^H^ H pup -^(B pu + d^Z u ) 2 . (2.7) 

We can see that this is the Lagrangian for a massive two-index antisymmetric tensor, which 
gains a mass after "eating" the vector Z^ with the same mass as above m 2 = g 2 c 2 . This 
is completely equivalent to the massive vector, notice that in four dimensions a massive 
vector and a massive two-index tensor have the same number of degrees of freedom (3). 
For a general discussion of massive antisymmetric tensor fields see f30|| . 

We would like to emphasize that this mechanism requires the presence of the Green- 
Schwarz term B AF but not necessarily the anomaly cancellation term (rjF AF). Therefore 
as long as a U(l) field has a Green-Schwarz coupling BAF, it does not have to be anomalous 
in order to acquire a mass. In most previous models found in string theory it was generally 
the case that it was only the anomalous C/(l)'s that had a Green-Schwarz term and therefore 
those were the ones becoming massive. However, in recent models & 12, there are non 



anomalous ?7(l)'s that can also become massive. Those U{1) bosons acquire a "topological 
mass" induced by the Green-Schwarz term with no associated massive scalar field in the 
spectrum. Note that this is totally different from what happens when a U(l) becomes 
massive in the standard Higgs mechanism. Indeed in the latter case in addition to the 
massive gauge boson there is always an explicit scalar field, the Higgs field. Such a field is 
not present in the mechanism we discussed. 

We finally note that as emphasized in |||], the gauge group is broken to a global 
symmetry and therefore symmetries like baryon and lepton number remain as perturbative 
global symmetries, providing a simple explanation for proton stability in models with a 
low string scale. 

2.2 U(l) structure in intersecting brane SM-like models 

The general structure of intersecting D-brane models is summarized in Table |l] and in 
Fig.|l|. We have four stacks of branes : the baryonic stack contains three parallel branes 
giving rise to the QCD interactions, and the left stack contains two parallel branes yielding 
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Label 


Multiplicity 


Gauge Group 


Name 


stack a 


N a = 3 


SU(3) x U{l) a 


Baryonic brane 


stack b 


N b = 2 


SU{2) x U(l) b 


Left brane 


stack c 


N c = l 


U(l)c 


Right brane 


stack d 


N d = l 


U(l) d 


Leptonic brane 



Table 1: Brane content yielding the SM spectrum. 




Figure 1: Schematic view of an intersecting D-brane standard model construction. There are four 
stacks of branes: Baryonic, Left, Right and Leptonic, giving rise to a gauge group U(3)Baryonic x 
U (2) Left x U(l) Right x U(l) Leptonic- Open strings starting and ending on the same stack of branes 
give rise to the SM gauge bosons. Quarks and leptons appear at the intersections of two different 
stacks of branes. 



the electroweak SU(2) L SM interactions. In addition there is the right and lepton stacks 
containing each a single brane. These four stacks of branes intersect in the compact six 
dimensions (plus Minkowski) and at the intersections chiral fermions with the quantum 
numbers of the SM appear. Thus, for example, the right-handed U-quarks occur at three 
different intersections of the baryonic stack with the right stack (see Fig.Q). 

Each stack of branes comes along with a unitary gauge group so that the initial gauge 
group is SU(3)qcd X SU(2) l x U(l) a x U(l) b x U(l) c x U(l)d- A linear combination of these 
four J7(l)'s may be identified with the standard hypercharge and at some level the rest of 
the £/(l)'s should become massive. In the class of D6-brane models of ref.|| and D5-brane 
models of ref.[14| the charges of quarks and leptons with respect to these C/(l)'s are shown 
in Table ||. In this table the asterisk denotes the "orientifold mirror" of each given brane, 
which must always be present in this type of orientifold constructions (see ||] for details). 
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Table 2: Standard model spectrum and U(l) charges. The hypercharge generator is defined as 
Qy = \q a - \q c + \(ld- 

Note that U(l) a and U(l)d can be identified with baryon number and (minus) lepton 
number respectively. Additionally U(l) c can be identified with the third component of 
right-handed weak isospin. Finally, U(l)b is an axial symmetry with QCD anomalies, very 
much like a PQ-symmetry. It is easy to check from the above fermion spectrum that f7(l)& 
and 3C/(l) a — U(l)d linear combination have triangle anomalies whereas U(l) a + 3U(l)d 
and U(l) c are both anomaly-free. In fact the standard hypercharge may be written as a 
linear combination of these two symmetries: 

111 . . 

QY = g9a - + 2«rf • ( 2 - 8 ) 

The above mentioned anomalies of two linear combinations of £7(1) 's are cancelled by a 
generalized 4-dimensional Green-Schwarz mechanism which may be summarized as follows. 
In Type II string theory there are some closed string 'Ramond-Ramond'(RR) modes cou- 
pling to the gauge fields. In particular in the D6- and D5-brane models here discussed 
there are four RR two-form fields Bi with couplings to the U{l) a field strengths: 

^cf Bi Atr(F a ), i = l,2,3,4; a = a,b,c,d (2.9) 

i 

and in addition there are couplings of the Poincare dual scalars (representing the same 
degrees of freedom) rji of the Bi fields: 

Y^d^MF^F^), (2.10) 

i 

where F@ are the field strengths of any of the gauge groups. The combination of both 
couplings, by tree-level exchange of the RR-fields, cancels the mixed U(l) a anomalies A a p 
with any other group Gp as: 

A al3 + = 0. (2.11) 

i 

The coefficient cf and df may be computed explicitly for each given D-brane configuration 
and we will give later on their values for D6- and D5-brane models. Note that for given 
a, (3, both cf and d^ have to be non-vanishing for some i, in order to cancel the anomalies. 
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As remarked in the previous subsection, the couplings in ( |2.9D give masses to some 
linear combinations of f7(l)'s. Indeed, after a duality transformation the B A F couplings 
turn into explicit mass terms for the Abelian gauge bosons given by the expression: 



{M 2 ) a p = g a gpM 2 s Y j cfc^ a, f3 = a,b,c,d. (2.12) 
i=l 

where the sum runs over the massive RR-fields present in the models and where g a is the 
coupling of U(l) a . Here we have normalized to unity the gauge boson kinetic functions. 

In principle there could be 4 x 4 = 16 cf coefficients. However, it turns out that in the 
class of D6- and D5-brane models addressed here, there are only seven non-vanishing cf 
coefficients and only five of them are independent . This is due to the particular structure 
of the anomalies of this system of four J7(l)'s. For both D6- and D5-brane models there 
are three RR fields B^, i = 1, 2, 3 which have the following structure of B A F a couplings 
1,0]: 



B\ A c\ F 



b 



B\ A 4 ( -3F a + F d 



Bl A 



<•;:/ " + c\F b + ( i c § ■ A ) /••' + 4F d 



(2.13) 



whereas the fourth antisymmetric field B\ does not couple to any of the f7(l)'s. The 
universality of the form of the anomalous f7(l)'s is the cause for the relationship rf$ = —^4- 
In addition the equality c\ = (^c| + c|) is required so that the physical hypercharge 
combination eq.(2.8) does not mix with i?| and remains massless. We thus see that the 



most general U(l) mass matrix appearing in this class of models depends on only five free 
parameters: c\, c!j, c|, c| and 4- As mentioned, these five coefficients may be computed for 
each model. We now provide their value for D6-brane and D5-brane models, respectively. 

2.3 D6-brane orientifold models 

The structure of these models is discussed in ref . @ . One considers Type IIA string theory 
compactified on a six-torus T x T 2 x T 2 . Now we consider D6-branes containing inside 
Minkowski space and wrapping each of the three remaining dimensions of the branes on a 
different torus T 2 . We denote by (n a i,rn a i), 1=1,2,3, a = a,b,c,d the wrapping numbers 1 
of each brane D6 a , n a i(m a i) being the number of times the brane is wrapping around the 
x(y)-coordinate of the i — th torus. In this class of models the coefficients cf are given by 

& 

cf = N a n aj n ak m Qi ; i ^ j / k / i , i = 1, 2, 3 (2.14) 

where N a is the number of parallel branes of type a. The general set of possible wrapping 
numbers yielding just the SM fermion spectrum was provided in ref.[]|] and is shown in 
Table [| From Table | and eq. ( gig ) one can compute the relevant cf coefficients: 



1 This notation for n a i is the equivalent of n l a used in 



-8- 



N a 


(n a i,m al ) 


{n a2 ,m a2 ) 


(n a3 ,m a3 ) 


N a = 3 


(V/5i,0) 


(n a2 ,e(3 2 ) 


(1/^,1/2) 


N b = 2 


(n 61 ,-e/?i) 


0-/M 


(l,3z//2) 


N c = l 


(n c i,3ue(3i) 


(1/02,0) 


(0,1) 


N d = l 


(V/5i,0) 


(n d2 ,-/3 2 e/u) 


(l,3i//2) 



Table 3: D6-brane wrapping numbers giving rise to a SM spectrum. The general solutions are 
parametrized by a phase e = ±1, the NS background on the first two tori /3, = 1 — 6, = 1, 1/2, four 
integers n a i-, Uhi, n e i, n d % and a parameter i/ = 1, 1/3. 



Ci " "#r ' 2 " 

3n «2 . h 3i/n fel _ n ci _ d 3un d2 

° 3 ~ ' 3 " "A" ' 3 " T* ' 3 " ^A" ( j 

in terms of the free parameters re a 2, n d2 , n&i, e and To reduce the number of free 
parameters in the numerical study of the next sections we will consider a subclass of 
models (later called class A and B) with the simplest Higgs structure f8|, in which the 
number of free parameters is reduced. 

Another interesting subclass of models are those in which for certain choices of the torus 
moduli all the brane intersections become "approximately" supersymmetric (see section 5.1 
in ref.|n|)). In that subclass of models one has: 

v = 1/3 ; e = 1; 

n a 2 = n d2 ; n cl = ^n a2 (2.16) 
Pi 

so we are left with n a2 ,ribi and Pi as free parameters. A specific example of a model with 
these characteristics (and with (3\ = 1/2) is presented later in the text, see the third line 
in Table § 

2.4 D5-brane orientifold models 

These models are obtained from Type IIB compactification on an orbifold T 2 xT 2 x(T 2 /Z N ) 



(see ref. [14] for details). There are four stacks a,b,c and d of D5-branes which are wrapping 
cycles on T 2 x T 2 and are located at a Zjy fixed point on T 2 jZ^. The 6-dimensional world- 
volume of the D5-branes includes Minkowski space and the two extra dimensions wrap 
a different 2-torus. Thus each stack of D5-branes are specified by giving the wrapping 
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numbers (n a i , m c 



1,2 as well as the charge with respect to the Zn symmetry. For 



./^-charge 


N a 


(n a i,m a i) 


(n a2 ,m a2 ) 


1 


N a = 3 


(~he) 


(3 -e/2) 


7 


N b = 2 


(1,0) 


(1,-^/2) 


7 


N c = l 


(1,0) 


(0,e) 


1 


N d = l 


(2,-36) 


(l,-e/2)) 



general orientifold models of this type one can compute the form of the cf coefficients. 
In this case there are 2 x (N — 1) RR- 
fields participating in the GS mecha- 
nism. In the particularly simple case 
of a Z% orbifold the number of RR 
antisymmetric B\ fields is again four. 
However, unlike the case of D6-brane, 
the RR-fields belong to a twisted spec- 
trum. Otherwise, the general struc- 
ture of the U(l) symmetries is sur- 
prisingly analogous to the case of D6- 

branes. One can find specific examples of Zj^ symmetries and wrapping numbers yielding 
the SM fermion spectrum, although there are no large families of models as in the D6-brane 
case. The spectrum and U(l) charges are as in Table ||. We will provide here just a specific 
Z3 example extracted from ref.[14|. In this model the wrapping numbers and Z3 charges 
of the four stacks of branes are shown in Table [|. 



Table 4: D5-brane wrapping numbers and Z3 charges 
giving rise to a SM spectrum in the example discussed 
in the text. Here 7 = exp(i2ir/3). 



As discussed in ref . [ 14 1 , in the case of the Z3 orbifold with the structure of this example 
one of the four RR-fields does not mix with any U(l) (as in the D6-brane case). The other 
three have cf , i = 1, 2, 3 coefficients given by 



c 2 
c 3 



2Ci N^n al n a2 sin(2kTT/3) 

m ai n a 2 cos(2kn/3) 
-2Ci n a \ m a 2 cos(2kTT /3) 



(2.17) 



where C\ = \J sm(27r/3). In these equations we have k = (k = 1) for branes with Z3- 
charge equal to 1 (exp(i27r/3)) respectively. Thus for the example in Table || one finds (we 
take e = 1): 



A 


= 2Ci\/3; 


c 2 — 


-I8C1 ; 


4 


= 6d ; 


4 = 


-3d 


4 


= -Ci; 


4 = 


d; 4 = 2Ci 



(2.18) 

and the rest of the cf vanish. Note that in a specific example like this there is just one 
free parameter, which is the overall mass scale related to the string scale. We will not 



give further details of this construction and refer to |14] for further details. We only note 
that there are Higgs scalars with charges identical to those in the D6-brane models and 
hence one can make a unified treatment of electroweak symmetry breaking in both classes 
of models. In this particular example the Higgs sector is formed by one set of fields (Hi, 
i=l,2) as will be described later in the text, Table ||. 

2.5 U(l) gauge coupling constant normalization 

The gauge couplings of the four U(l)'s have some interesting relationships in the D-brane 
models of particle physics. Consider in particular a SU(N) non-Abelian group arising from 
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a stack of N parallel branes. Let us normalize as usual the non-Abelian gauge coupling 
gN so that the quadratic Casimir in the fundamental is 1/2. Further, the diagonal U{\) 
field living in the same stack and giving charges ±1 to the bi- fundamental fermions at the 
intersections will have gauge coupling g\ = g^/y/2N. For the case of the SM we will thus 
have that at the string scale: 



9l = ^ ; 9l = 9 + (2-19) 



1 \c- 
6 

where g^ is the SU{2)i coupling. In addition, due to eq.( |2.8|) one has for the hypercharge 
coupling 2 : 

1111 

gj~m + ^l + ^ d (2 " 20) 



Thus g a and g\, are determined by eqs.( |2.19D whereas g c and gd are constrained by eq.( 2.20| ), 
with the ratio gd/gc as a free parameter. In fact if we knew precisely the geometry of the 
brane configuration (torus moduli and shape) and if the brane configuration was fully fac- 
torizable in the different tori, one could in principle compute the gauge coupling constants 
at the string scale directly, since they are given by the inverse of the volume that the branes 



are wrapping in the tori (see e.g. refs.|], ||, 13|). For the analysis to follow in the next 
sections we will keep the ratio gd/g c as a free parameter 3 . 

We mentioned that the B A F couplings of RR-fields to C/(l)'s give masses to these 
gauge bosons of the order of the string scale Ms- In fact eq.( |2.12|) assumes a canonical 
kinetic term for the RR fields which mix with the C/(l)'s and give them a mass. However 
such kinetic terms are field (radii)- dependent (see e.g., ref.|l^|) and once one re-defines 
the fields to canonical kinetic terms, extra volume factors appear in eq.( 2.12j ). In the case 
of D6-branes one finds that this amounts to the replacement 



c? - ec? ; e = ^||| ,i*i*k*i (2.2i) 

whereas in the case of the Z3 D5-brane models discussed above the appropriate rescaling 
factors are 

C = V^Pi' C = V^PT^ = W" ( } 

Note that these volume factors are also relevant to the question of creating a hierarchy 
between the string scale Ms (which in the present paper is assumed to be not far above 



the electroweak scale) and the Planck scale M p . In the case of the D5-brane models [14] 
one can take all the radii R\ 2 , i = 1,2 of order one (in string units) and the volume of 
the third (orbifold) torus very large giving rise to the M p ^> Ms hierarchy in the standard 
way |HJ]. If this is assumed then one can set all = 1 and the U(l) masses will be given 



2 This will be derived in detail later in the text. 

3 In the numerical analysis we will ignore the running between the weak scale and the string scale. This 
evolution does not affect much the structure of Z' masses and would include model-dependence on the 
detailed particle content beyond the SM in the region between the weak and the string scales. 
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by eg.fljOg). The case of D6-brane models is more subtle. As pointed out in Q in the 
case of D6-brane models one cannot make some radii R\ 2 very large in order to obtain 
M p 3> Ms, the reason being that there are no compact directions which are simultaneously 
transverse to all the SM branes. In this D6-brane case an alternative for understanding the 
hierarchy could perhaps be the following. The 6-torus could be small while being connected 
to some very large volume manifold ||] . For example, one can consider a region of the 
6-torus away from the D6-branes, cutting a ball and gluing a throat connecting it to a large 
volume manifold. In this way one would obtain a low string scale model without affecting 
directly the brane structure. Alternatively it may be that the apparent large value of the 
four dimensional Planck mass could be associated with the localization of gravity on the 
branes, along the lines of [ 32 1 . In the numerical analysis to follow we will neglect volume 
effects and set £ l = 1. The reader should however remember that when computing bounds 
on the string scale Ms, the limits apply modulo the mentioned volume factors. 



3. Mass eigenstates & eigenvectors for U{\) fields. 

In this section we outline the approach we use in Sections || and ||] to analysing the effects 
of additional £7(1) fields in intersecting D-brane models. The approach may be used for 
other cases as well, for example models with D-branes at singularities Q [2| . The analysis 
to follow is applied to generic D6 and D5-brane models and makes little reference to the 
explicit details of these models. We address the mass eigenvalue problem for the ^/(l),^ 
fields, which for specific D6 and D5-brane models is thoroughly investigated in Section [| 
and ||. 

In the basis "a,b,c,d" the kinetic terms of the Abelian fields A a are all diagonal. 
However, whether anomalous or not, the Abelian fields have mass terms induced not by 
a Higgs mechanism, but through their (field strength) couplings to the three RR two- 
form fields Bi (i=l,2,3). These mass terms are not diagonal, and are given by the 4x4 
symmetric mass matrix M^ of eq.( |2.12| ). An orthogonal transformation (denoted J-) is 
then introduced to "diagonalise" M^. Therefore 

K= Yl T ™ A °» i = 1,2,3,4. (3.1) 

a=a,b,c,d 

where the "primed" states correspond to the mass eigenstate basis, and i is fixed (i=l,...4) 
to a value which includes the hypercharge (i=l). Since the matrix T is orthogonal, gauge 
kinetic terms are not affected by this transformation. 

This is what happens when electroweak symmetry breaking effects are neglected. In 
the presence of the latter, M^g has additional corrections. The U(l) a fields will then 
acquire a mass from two sources: the string mechanism mentioned before, and the usual 
Higgs mechanism, with the contribution of the latter suppressed by M|/Mj. 
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3.1 U(l) masses before Electroweak Symmetry Breaking. 

In the absence of the electroweak symmetry breaking, the only contribution to the masses 
of the £7(1) gauge bosons is due to M 2 g. Its eigenvalues M 2 = A«M| are the roots of 



det 



0. 



which can be written as 



XM 2 s h ~ M 2 
A(A 3 + c 3 A 2 + c 2 A + ci) = 0, 



(3.2) 
(3.3) 



with the following coefficients 



c 3 = —Tr(M 2 ) < 0, 

1 [ Tr(M 4 ) - (TrM 2 ) 2 



C2 
Cl 



2 

l r 



> 0, 



Tr(M 6 ) - (TrM 2 ) 3 + -Tr(M 2 ) Tr(M 4 ) - (TrM 



2\2 



(3.4) 



Since the mass matrix M 2 is symmetric, its eigenvalues are real. The roots of (|3.3| ) have 
the general form 



Ai 
A 2 



0, 



C3 

3 

C3 
3 

C3 



+ 



+ 



3C2 COS 



3C2 COS 



A4 = -— + - 



2vr\ 

3C2COS ( ^ + f). 



with the definition 



cos ( 



(2c| 



9c 2 c 3 + 27ci) 5 



4(c 2 - 3c 2 )3 



1/2 



(3.5) 



(3.6) 



where the "+" (-) sign applies if (2c| 



3 — 9c2C 3 + 27ci) < (> 0). In realistic models Ai = 
is usually the hypercharge, the massless state before electroweak symmetry breaking. If 
ci = 0, a second massless state exists which may correspond to B — L (see ref. [ 13 [ ) . Since 
C3 < and C2 > there cannot be a third massless state (unless the matrix is identically 
zero) . 

For a generic L>5-brane model the coefficients cf-f, c 3 , c\, c 3 , c 3 , c\-, c 3 are non-zero, see 
( 2.18 ). If in addition c\ = 0, we obtain the Z)6-brane models case, see eq. (l2l5l ). In such 



cases one may show that the coefficient c\ of (3.4) equals 



d\2\ 



„d„a\2 



< 



(3.7) 



which is thus negative for both D5 and D6-brane models. Taking account of the signs 
of Ci (i=l,2,3) one can prove that the eigenvalues Aj > (i=2,3,4). This is so because 
the function /(A) = (A 3 + c 3 A 2 + C2A + c\) < for A = and its second derivative 
/"(A = 0) = 2c 3 < 0. Thus Xi and the (squared) masses M 2 = AjM| are all positive. 
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After computing the eigenvalues M 2 , the associated eigenvectors Wi (i= 1,2,3,4) with 



components (wi) a (a = a, b, c, d) may be written as 
K)a = - £ (M 2 -\M 2 s h)-lM 2 p d (w t ) dl 

fi=a,b,c 



1,...,4, a 



a, b, c. 



(3.8) 



The solution can be written more explicitly in terms of the coefficients cf, but the expres- 
sions are long and not presented here. As we will see later, there are classes of models 4 for 
which U(l) b field does not mix with the remaining ones (being a mass eigenstate itself), 
but this depends on the specific structure of the matrix M 2 a and will not be addressed 



here. Finally, the matrix T of (3.1) is found from eigenvectors tOj (normalised to unity). 



3.2 U{\) masses after Electroweak Symmetry Breaking. 

After electroweak symmetry breaking, the mass matrix M 2 p receives corrections due to 
mixing of initial U(l) a with the Higgs sector charged under some of these symmetries 
and also from the mixing with W% boson of SU(2)l symmetry. These corrections are 
proportional to r\ =<H> 2 /Mj where <H> stands for the vev in the Higgs sector. The 
previous mass eigenstates ( |3.5[ ) will thus have additional corrections of this order with a 
further (non-zero) mass eigenstate to correspond to Z boson which thus mixes with initial 
U(l) a . Taking account of such corrections requires one to " diagonalise" a 5x5 matrix 
in the basis a,b,c,d and This matrix has the structure Ai 2 = M 2 + A where M 2 

is just that of (2.12) extended to a 5x5 one by a fifth line and column which have all 
entries equal to zero. For illustration we present below the electroweak corrections A (in 
the aforementioned basis) for D6 and D5 brane models 5 



A 

















\ 





ml 







-\r}8g b g L 







r]Sg b g c 


V9c 





-\Wc9l 





















\o 


-\r]5g b g L 


-\v9c9L 





1 2 

*V9l 


J 



(3.9) 



where the Higgs sector was assumed to be charged only under U(l) b and U(T) C (which 
is the case in the specific models under study) while 5 is just a mixing parameter in this 
sector. The mass eigenvalue equation of M 2 is now 



A (A 4 + o 3 A 3 + o 2 A 2 + oi A + oq) = 0, 



(3.10) 



with 



Oi = Ci + T]Si + r] U, 
oq = V s Q + 7] 2 t 



1,2,3. 



(3.11) 



4 For this see Section 4.1.2. 

5 The matrix A will be derived in detail in Section ^| Its exact structure for the general discussion of 



this section is irrelevant. 
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to be compared to the one in the absence of electroweak symmetry breaking, eq.(|3,3]). One 
can compute explicitly the coefficients Sj and i, which arise from the matrix eq.( |3.9| ) or 
other similar electroweak corrections. 

Eq.( |3.10| ) shows that a massless state Ai = exists after electroweak symmetry break- 
ing (photon). The remaining eigenvalues Aj may be computed as an expansion in the 
parameter r\ about their value Aj in the absence of electroweak effects (given in ( |3.5P ). For 
example 

\f W = Xi + vK + V 2 ^" + ■■■, i = 2,3,4. (3.12) 

Inserting this into (|3.10| ) and taking account of ( [3.11 ) one can solve for the coefficients A^ 
and Af to find the (electroweak) corrected values of the U(l) masses. Similarly, the mass 
eigenvalue M| = A5MJ corresponding to Z boson may be written as an expansion 

A 5 = £i?7 (l + 7?6l + T7 2 C3l + ---) (3.13) 
Using this in ( 3. ICf) one computes the coefficients £1, £21, £31 to find 

£1 = (3.14) 

ci 

C21 = -n{c2SQ ~ C X Sx) + — , (3.15) 

q so 

1 r / sic 3 \ i 

£31 = -4 2c2Sq - c 1 s (3c 2 si + c 3 s ) + c\(s\ + s s 2 ) + to 2c? c 2 - - hc\ . (3.16) 

cfl V s J J 

To leading order in r] one should recover the usual mass of Z boson, while corrections 
of higher order in rj are due to mixing between the masses of initial U(l) a fields and Z 
boson. Such corrections to the mass of Z boson are of string origin as previously discussed, 
and they will be extensively investigated for specific models in the next two sections, 
(the eigenvectors after electroweak symmetry breaking may also be computed using this 
approach, as outlined in Appendix I for the eigenvector of Z boson). 



4. Analysis of explicit D6 and D5 models before EWS breaking. 

Following the steps outlined above, we address in this section explicit D-brane models, for 
which the couplings ( |2.9[) of antisymmetric B-fields to the Abelian gauge bosons are known 
in detail. This means that the matrix M^a of ( |2.12| ) (essentially its entries cf) is fully known 
in terms of the (chosen) parameters of the models. We thus consider explicit constructions 
of D6- and D5-brane models discussed in Section ||, in the absence of electroweak symmetry 
(EWS) breaking effects. 

4.1 D6-brane models. Masses of U(l) fields and bounds on Ms- 



For D6-brane models the coefficients cf in the mass matrix of (2.12) are given in eq.( 2.14| ) 



and Table y. We analyse a subclass of the D6-brane models, with parameters as presented 
in Table |6] (these models were discussed in ref . || ) . 
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For these models there are two types 
of Higgs scalars denoted h{ and Hi respec- 
tively, as shown in Table B For certain 
choices of integer parameters the number 
of these Higgs multiplets is minimal, and 
this defines two classes of models: Class 
A models which have a single set of Higgs 
multiplets, either h{ or Hi and Class B 
models which have both hi and Hi. Class 
A models are defined in the first four en- 



Higgs a 


Qb 


Qc 


q'l = % 


T 1 /O 

1 3 — l/la z 


hi 


1 


-1 


1/2 


+1/2 


h 2 


-1 


1 


-1/2 


-1/2 


Hi 


-1 


-1 


1/2 


+1/2 


H 2 


1 


1 


-1/2 


-1/2 



Table 5: Higgs fields, their U(l)& jC charges and 
weak isospin with <j x the diagonal Pauli matrix. 



tries of Table |(| Class B models are presented by the last four lines in Table |6[ 

For these specific models we investigate the eigenvalue problem for M 2 „ and the trans- 
formations of couplings and hypercharges of U(l) fields upon "diagonalising" this mass 
matrix. 



4.1.1 Class A models. 

The parameters of this class of models are detailed in Table ^. For generality we keep 
e, v, (3%, n&i, n c i unassigned, to cover simultaneously all possible cases of this class. We 
however use the definition of n^2 (Table |^) ensuring a vanishing mass for the hypercharge 
state. The ratio gd/gc and n a 2 are chosen as free parameters. The eigenvalues M 2 = AjMj 
are the roots of 

A 4 + c 3 A 3 + c 2 A 2 + ciA = (4.1) 



with the notation 

Cl 



^^W + 9fl2Cfl2+fl8))<0 (4.2) 



e 2 



c 2 = {PidU^l + dl) MPh 2 + v 2 {(3 2 n 2 a2 + 9P 2 n 2 bl )] 

P\H2 V 

+ nli(9g 2 a (3l + ^\v 2 g 2 )(g 2 c + g 2 d ) + ftglg\n 2 cl ~ 4/??/W<?X 2 n cl ^} > 



C 3 = AR 2 R 2 2 {( 9 9a + 3d) ( 4 ^ 2 + V 2 nl 2 ) ft 
4 Pl H2 v 

+ 4ft i/ 2 Wh 2 gl - fag 2 d n a 2n c i + (3i(g 2 c + g 2 d )n 2 cl ] + < 



As discussed in the general case, M 2 are real (M 2 g symmetric) and one may show that 
ci < 0, C2 > and C3 < 0, irrespective of the value of parameters present in their definitions 
above. Thus all M 2 are positive. Using eq.( |3.5|) and coefficients q of eqs.( |4.2| ) one finds 
the values of Mi (Aj). 

The eigenvectors may now be computed and are given by: 

wi = I 0, — — , 1 1 , a = a,b,c,d (4-3) 



wi\ [3g a g c 
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Higgs 


V 


ft 


/?2 


«a2 


n-bi 


n& 


nd2 


N h 


riH = 1, Uh = 


1/3 


1/2 


02 




-1 


1 


02 " Z 


40 2 (l-n a2 ) 


n# = 1, rih = 


1/3 


1/2 


02 


n a 2 


1 


-1 


— 77 ^o2 

02 aA 


40 2 (l-n a2 ) 


n H = 0, Uh = 1 


1/3 


1/2 


02 


n a 2 


1 


1 




40 2 (l-n a2 ) - 1 


n// = 0, nh = 1 


1/3 


1/2 


02 


n a 2 


-1 


-1 


— 77 — n a o 

02 aZ 


40 2 (1 -n a2 ) + 1 


nH = l,n h = l 


1 


1 


02 


n a 2 





1 


3(^-^2) 


A (8-^i)_i 


uh = l,n h = l 


1 


1 


02 


n a 2 





-1 


|(-^-n„ 2 ) 


02(8 + £ 


n H = l,n h = 1 


1/3 


1 


02 


n a 2 





1 


]k~na2 


2 (8-4n a2 )-l 


n H = l,n h = l 


1/3 


1 


02 


n a 2 





-1 




2 (8-4n a2 ) + l 



Table 6: Families of D6-brane models with minimal Higgs content ||]. The first four lines corre- 
spond to models of Class A, the remaining ones to models of Class B. /?2 = 1, 1/2. The parameters 
of the models are n a 2 and gal 9c- 



1 r 

m = 1 — 7 {w ia ,Wi b ,w ic ,l} , 

\Wi\ 

with the first three components given by 

302 9a (202 g\ ncie 2 - n a2 \i(3iv 2 ) 



2,3,4; 



(4.4) 



Win 



g d [180| g 2 n c ie 2 + 0i^ 2 A 4 (n a2 02 - 20m cl )] ' 



w ib 



w ir 



\{5\ 0| v 2 \\ + 4/3|e 2 [g 2 g 2 + 9 g 2 (g c 2 + 



n 



cl 



§vn b ig b gd [l80| g 2 n c ie 2 + 0i^ 2 Ai(n a2 2 - 20in c i)] 

Aj [0 2 2 (9gg + gg)(40 2 2 6 2 + ^ 2 n 2 2 ) - 4/3^ 2 n cl (/3 2 g 2 n a2 - 0m cl (g c 2 + g 2 )] 
6f n w g 6 g d [180| g 2 n c ie 2 + 0i^ 2 Ai(n a2 02 - 20in ci )] 

2g c n cl [0 2 e 2 ( 9 g 2 +g 2 )-/3 2 i, 2 A 4 ] 



(4.5) 



g d [I80 2 g 2 n c ie 2 + 0n/ 2 Ai(n a2 02 - 2/?m cl )] 
and where for each eigenvector tUj (i=2,3,4) the appropriate eigenvalue Aj as given by 



eqs^SJj) is substituted. From the above equations we note that the anomalous U(l)b state 
mixes with the other states upon diagonalising the mass matrix (which is unlike Class B 
models to follow). The eigenvectors above will be used in analysing the "amount" of each 
initial U(l) a present in the final mass eigenstates M 2 3,4. 

We have so far presented the eigenvalues and eigenvectors of M 2 ^ in terms of the 
parameters of this class of models. Further, the couplings of the new (mass eigenstates) 
U(l) fields also change upon going to the new basis. The new couplings g[ can be expressed 
in terms of the "old" couplings g a , and similar relations exist for the transformation of the 
charges q a — » q[. First, the eigenvectors Wi of eqs^O) define the matrix !Fi a = (wi) a 
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introduced in eq, (|3.1[) , which respects the conditions TT T = T T T = 1 and TM 2 T T = 
5ijMf. The £7(1) charges of the re-defined Abelian fields (mass eigenstates) can then be 
computed by using the invariance of the following term which is part of the covariant 
derivative 

q a g a A a (4.6) 

a=a,b,c,d 

under changing the basis from "a,b,c,d" to the "primed" basis. The properties of T then 
give the transformation of U(l) charges: 

i= V U ia q a , U ia = ^ ia , 1 = 1,2,3,4. (4.7) 

a=a,b,c,d 



From this equation we notice that the new hypercharges q\ of associated fields depend 
in general (see definition of Ui a ) on the couplings of the model. For the massless state 
(hypercharge) we find 

1i = TTT f (l a ~ + 3 9d) , (q'l = Qy, 9i = 9y) (4.8) 

With q y = l/6(g a — 3g c + 3qd) see Table |2|, we find the hypercharge coupling is given by 

1 H| 2 1 1 1 1 1 1 

^-l^"-36^ + 4^ + 4^f ( ' 9) 



as anticipated in Section 2.5, More generally, the orthogonality of the matrix T gives the 



following relation between the "old" and "new" gauge couplings in terms of the matrix Ui a 

Jk L= y UuJJja (41()) 

We thus identified the new basis, the mass eigenvalues, and the transition between the old 
and new couplings and hypercharges of the system of U (l)'s. With these analytical results, 
we can compute (lower) bounds on the value of the string scale Ms in models of Class A. 
This is done by analysing the dependence of the eigenvalues eqs. (|3.5| ) with coefficients (fD^) 
on the parameters of the models. 

A thorough analysis of all Class A models parametrised in Table |6] would require a 
separate investigation of each of these models. Although we do not discuss separately each 
model, the results are generic for this class. As an example we present in Figure ^ the 
dependence of the eigenvalues M%, M3 and M4 in function of n a 2 and gd/gc for 6 a Class A 
model of Table || defined by f3\ = 1/2, v = 1/3, /?2 = 1, n c i = 1; ^61 = — 1- Figure [2] shows 
that the eigenvalue M2 is larger than the string scale (M2 > 8 Ms). However, for M4 we 
have 1.6Ms < M4 > 0.4 Ms but may become smaller for large n a 2. Finally M3 has a mass 
between 0.15 Ms < M3 < 0.32 Ms and hence may be small compared to the string scale, 
particularly for large values of n a 2- 



5 All plots of figure U take into account the correlation (4.9) of the couplings of additional ?7(l)'s such as 



the hypercharge coupling is fixed to the experimental value at the electroweak scale. 
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One can draw the generic conclusion that the masses of the additional U(l) fields are 
within a factor of O(10) from the string scale, either larger or smaller. Given the current 
generic bounds on the masses of additional U(l) bosons in the region of 500-800 GeV [17], 
and with the lightest eigenstate satisfying M3 < 0.32Ms, one concludes that the string 
scale must obey M s > 1.5 - 2.4 TeV. For M 3 0.15M 5 , M s ~ 3 - 4.8 TeV. These lower 
bounds on Mg will increase with n a 2, when M3 decreases. An additional bound on Ms 
will be derived in Section |5] from taking account of the electroweak symmetry breaking 
effects. The final lower bound on Ms will be provided by the value which satisfies both of 
the above constraints. 

It is interesting to know which of the initial U(l) a (a = a,b,c,d) dominates in the 
final mass eigenstates, ^2,3,4. This depends in general on the parameters of the models of 
Class A, as it may be seen from the eigenvectors of eq.([4.5|). It turns out however that the 
result is not very sensitive to n a 2. The only exception is (i.e. U(l)b presence) which has 
a more significant spreading with respect to n a 2 for fixed ratio gd/gc than the remaining 
Wi a . This dependence is taken into account for this discussion. The conclusions will then 
apply generically to every model of Class A of Table |6] since the additional dependence 
of the eigenvector components (mixing) on /3j, n&, n>bl is rather mild as may be seen by 
examining separately every model of Class A. Therefore the only significant change of the 
amount of U(l) a each mass eigenstate has is due to changes of the parameter gd/g c and 
this is examined below. 

Consider first the mass eigenstate M2 (Figure |2|). M2 is for ga/ g c < 1 a mixture of 
U(l) a and U(l)d where U(l) a dominates. The same holds true for the case gd/g c > 1, 
with U(l) a to dominate more for gd/g c small, of of order one, and less when this ratio 
increases (top curve) in Figure §.(B). In this last case the amount of initial U(l) a and 
U(l)d is comparable. For M3 mass eigenstate, for ga/g c < 1 each U(l)b, U(l) c U(l)d 
states contribute with similar /comparable amount, with U(l)b and U(l) c to dominate for 
smaller gd/g c , top curve in figure ^ (C). For gd/g c > 1, U(l)b, U(l) c and U(l)d contribute 
significantly for lower curves, and U(l)b dominates for gd/g c 3> 1, see Figure ^.(D). Finally, 
for M4 mass eigenstate, the lower curves in Fig.|2].(E) have a U(l)b dominating component 
and additional comparable amount of U(l) c and U(l)d- While decreasing gd/g c , top curve, 
U(l)b dominates more strongly, with additional amount of U(l) a . For the case of gd/g c 3> 1, 
Figure |2| (F) U(l)b again dominates for lower curves, while top curves are an equal mixture 
of U(l)b and U(l)d and a slightly larger U(l) a component. 

To conclude, the anomalous component U(l)b is manifest mostly in M3 and M4, while 
U(l) a dominates in M2 case, with U(l)d manifest significantly in all lower curves (gd ~ g c ) 
in Figure ||. Generically, the presence of U(l) a favours larger (than the string scale) mass 
eigenvalues, and U(l)b together (to a lesser extent) with U(l) c and U(l)d is more present 
in states of mass smaller than the string scale. 
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Figure 2: D6-brane models: Class A models of Table ^ (with f3i = 1/2, fa = 1, v = 1/3, n c i = 1, 
nbi = —1). M 2j 3,4 (string units) in function of n a2 for fixed TZ = gd/g c - (A): M 2 for 0.05 <1Z<1 
has small sensitivity to TZ. (B): M 2 with 1 < 7?. < 26, TZ increasing upwards, step 5. (C): M3 with 
0.1 < TZ < 1 increasing downwards, step 0.1. (D): M3 with 1 < TZ < 10.1 increasing upwards, step 
0.7. (E): M4 with 0.1<7?.<1. increasing downwards step 0.1. (F): M4 with 1 < 72. < 21 increasing 
upwards step 2. Electroweak corrections exist for these masses, but they are significantly suppressed 
by M|/M| and are not included here. 
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4.1.2 Class B models. 



The parameters of these models are detailed in Table ^. In this case, n&i = 0. One also has 
e = ±1, v = 1, 1/3, 0i = 1, n c i = ±1, (3 2 = 1, 1/2, although we keep all these unassigned, 
to analyse simultaneously all possible combinations. The free parameters of the model are 
again chosen as gd/g c and n a2 . Compared to the general case, the mass matrix M 2 p is 
significantly simpler (since n&i = 0). Its eigenvalues Mf are 

Ml = 0, 

Ml = (x + y)M 2 s , 

M 2 = (x-y)M 2 (4.11) 



with the notation 
1 



x 



m» 2 



{ [9g 2 a + gj] [4/3 2 4 e 2 + v 2 ' f3 2 n 2 a2 ] + Afcn^v 2 + g 2 )n cl - f3 2 g 2 d n a2 ] } 



y = < x 



e 2 n 2 ^ 1/2 

„2 e n cl f„2„2 



ft* 



[ g y d + 9g 2 a (g 2 + 9 2 d )] 



(4.12) 



The massless eigenvalue corresponds to the observed hypercharge. An interesting conse- 
quence of ( 4.11] ), ( |4.12 ) is that one may in principle have a very light state M4, without 
the need for a Higgs mechanism. In fact 



M 2 M 4 



l en el| r 2 2 



& d + 9g 2 a (g 2 c +g 2 d ))] 1/2 M 2 



Pi* 



(4.13) 



With couplings of fixed value, M4 may be significantly small(er than the string scale) if 
M 2 is made large enough (larger than the string scale) by a large choice for the integer 
(wrapping number) n a2 . 

The (normalised) orthogonal eigenvectors associated with the eigenvalues of eq. (]4-ll| ) 

are 



W\ 



W 2 



U>4 





' 9d 


A~ 


\Wl\ 


^9a 


,M 




1 


\w 2 \ 


I 9d 


2wi 


{0,1,0,0} Q , 


,M 


'35a 


1 


\W4\ 


. 9d 


2wi 



9d 
9c 



a = a,b,c,d 



(cj 2 - %(3\(3 2 2 v 2 y) , 0, ^-L ( W3 _ 8/3 2 /3 2 Vy) , 1 



U + 8/? 2 /? 2 Vy),0 



5d 2wi 

5e 1 

5d 2wi 



(w 3 + 8ft$v 2 y) , 1 



with the norm of the vector 



Wi 



1/2 



(4.14) 
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and with 



wi = 36/? 2 4 e 2 9 2 + u 2 (p 2 n a2 - 2/W) {9(3 2 g 2 a n a2 + 2pm cl g 2 c ) 



(4.15) 



(9<7a - ^)(4/3 2 V + ^ 2 ^ 2 ) + 4z, 2 /? 1 n cl ( 5c 2 + ^)(n a2 /3 2 - fan*)} , 



^3 = {/? 2 (9<7 2 + glWh 2 + i/ 2 /? 2 n 2 2 - Av 2 (3 l n a2 n cl ) + 4z, 2 /3 1 2 (<? 2 , - g 2 )^} 

The first eigenvector in eq.( |4.14D is that corresponding to the hypercharge. 

It is interesting to notice that unlike 
Class A models, U(l)fc (anomalous) does not 
mix with the rest of the Abelian fields and 
remains massive. Of the remaining eigen- 
vectors (w 2 , W4), one linear combination is 
anomalous and one is anomaly free. The 
eigenvectors itf2,3,4 can be used as in Class 
A to investigate which original U(l) a dom- 
inates in every mass eigenstate (this is done 
in the last part of this section). 

The eigenvectors Wi define the matrix 
F%a = (wi) a , with TT T = T T T = 1 and 
with TM 2 T T = 5ijM 2 where M 2 is the ini- 
tial mass matrix, eq.( 2.12| ). The new U(l) 
charges, including hypercharge (and their 
normalisation) of the re-defined (mass eigen- 
states) Abelian fields can be computed as in 
Class A. We find again (g[ = g y ) 




\Wl\ 



11 11 11 

36^ + 4^ + ^ 



(4.16) 



1 

T? 4flg 36 ' 4gi ' 4 gj 

with similar relations to hold for the remain- 
ing g'j and q\. Using ( |4.16j ) we can also re- 
write (4.13) in terms of the chosen parame- 
ter, the ratio 1Z = gd/g c 



Figure 3: Class B: The curve of minimal val- 
ues of M4 (string units) in function of n Q 2, is 
realised for gd/g c = 1- M4 decreases for larger 
integer n a 2 ~ 60 to I/IOOM5. The mass of this 
state has a stringy origin rather than a standard 
Higgs mechanism. It has corrections from the 
usual Higgs mechanism, suppressed by the ratio 
M§/M|. Similar state exists in Class A mod- 
els, see lower curves in Fig.|[(C), (D), (E), (F) 
at large n a i. 



M 2 M 4 



\en cl \ 54g 3 a M 2 
@xv g y (mg 2 a /gl - 



K 



(4.17) 



where g a is related to QCD coupling, ( |2.19| ). Thus the string scale is approximately the 
geometric mean of M 2 and M4. This also shows that at fixed gd/gc, M4 may become very 
light, even of the order of Mz scale for (fixed) string scale Ms ~ 0(1 — 10 TeV) (see Figure 
|||), without a Higgs mechanism. (This happens if n a2 (i.e. M 2 ) is made large enough). This 
is an interesting mechanism, regardless of the phenomenological viability of such a light 
boson. Alternatively, its (light) mass can imply stringent bounds on the string scale by the 
requirement this light state be massive enough to avoid current experimental bounds. 
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As mentioned, the U(l)b gauge boson with eigenvector u>3 (mass eigenstate M3) does 
not mix with the others and one can check that is lighter than Ms, see eq,( |4.11| ). From this 
eq. for fa = fa = 1, together with M 3 > 500 - 800 GeV one finds M s > (500 - 800) /g L 
i.e. lower bound of M5 ~ 800 — 1350 GeV. Additional higher (lower) bounds on Ms are 
provided from the analysis of the remaining mass eigenstates. 

Further numerical results for Class B models are presented in Fig. ||. These figures, 
(although somewhat generic for all models of this class) correspond to the first example of 
class B in Table || (fifth row) defined by/3i = l,i> = l,/32 = l, n& = 1- The figures present 
the dependence of the eigenvalues M4 and M2 in string units in function of n a 2 and gd/g c - 
Generically, the masses are within a factor of O(10) from the string scale, either larger or 
smaller. With bounds on the gauge bosons of 500-800 GeV, this implies Ms > 5 — 8 TeV. 
However, for large n a 2, the bound on Ms can further increase. (This is the case of Figure 
ID showing the value of M4/M5 m function of n a 2 for = g c , yielding the minimal values 
for M4/M5 which together with the constraint M4 > 500 — 800 GeV, give the highest 
(lower) bound for Ms)- Electroweak corrections to ^^,3,4 are suppressed by M|/M| and 
small, even for low string scale. Additional bounds on the string scale can be achieved by 
constraining the correction to Mz due to new physics (U(l)'s) effects be within the current 
experimental error on the p parameter, and this is the purpose of Section ||. 

Finally, we analyse the amount of mixing of the initial U(l) a (a = a,b,c,d), which is 
encoded by the eigenvector components in ( 4.14 ). As for Class A, we do not address every 
specific model of Class B, but rather consider the pattern that emerges after investigating 
each of them separately. For class B models we thus address the "amount" W{ a (a = a,c,d) 
of original U(l) a present in each mass eigenstate other than the U(l)b which does not mix. 
For the hypercharge state, the amount of initial U(l) a is somewhat clear, see W\ a , and 
only depends on the parameter gd/g c - For the remaining W2 a and w^ a , their dependence 
on n a 2 for fixed ratio gd/g c (with correlation ( 4.16| ) to fixed g y included) is stronger than in 
Class A models. Still, one can say that in M4 of Figure |] (E) upper curves are dominated 
by U(l) a and U(l) c while lower curves correspond to states with contributions from U(l) c , 
U(l)d and U(i) a - If gd/dc > 1 Figure Q (F), lower curves correspond to U(l) c , U{\)d 
and U(l) a , while upper curves are dominated by U(l) a and with a less but comparable 
"amount" of U(l)d- The cases of Figures f| (E) and (F) have a correspondent in Class A 
models in Figures ^ (E) and (F) as far as the size of the mass is concerned. For the plots 
in Figure || (A) and (B) the situation is to some extent similar to the case of M2 of Figure 
|(A) and (B). Lower curves for M2 with gd/g c < 1 are dominated by U(l) a and U(l)d (to a 
less extent) while upper curves by f7(l) a ,c,d m a comparable "amount". In Fig]4| (B) lower 
curves are dominated by U(l) a (and some less amount of U(l)d) while the upper curves 
contain a comparable amount of U(l) a> d- 

As in Class A models, U(l) a is mostly present in cases with masses larger than the 
string scale. U(l)d is manifest in all lower curves with gd ~ g c and U(l)b is present un- 
mixed, as a mass eigenstate with M3 smaller than the string scale. The analysis shows 
patterns similar to Class A models. 
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Figure 4: D6-brane models: Class B models of Table || (with /3i = /?2 = 1, i> = 1, n c x = 1)- M2,4 
(string units), in function of n a 2 for fixed 7?. = gd/gc (A,B,E,F), or in function of 1Z for fixed n a 2 
(C,D). (A): M 2 for 0.05<^<1 increasing downwards step 0.02. (B): M 2 for l<ft<25 increasing 
upwards step 8. (C): M4 in function of 1Z, n a i increases downwards step 1. (D): M2 in function of 
1Z for n a 2 increasing upwards step 3. (E): M4 for 0.1 <1Z< 1 increasing downwards step 0.1. (F): 
M4 for 1 < 72. < 22 increasing upwards step 3. 
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4.2 D5-brane models. Masses of U(l) fields and bounds on Ms- 



Explicit D5 brane models that we briefly address in this section are defined by the mass 
matrix of eq.( 2,12j ), with coefficients cf presented in eq. In this case an analysis 

similar to that for D6 brane models applies. In the following we choose the simple example 
of eqs,( [2.18| ) which is rather representative of the SM's considered in ref.|l4j] and has only 
one parameter, the ratio gd/gc- This allows us to make more definite predictions for the 
value of the string scale or boson masses. The mass eigenvalues are as usual the roots of 
the equation 



A 4 + c 3 A 3 + c 2 A 2 + ciA = 



(4.18) 



with coefficients 



Cl = -162 V3g 2 b [g 2 gj + 9g 2 a (g 2 c + gj)} < 

c 2 = 9 [3g 2 gj + g\ (g 2 + A3g 2 d ) + 9 g 2 a (AOg 2 + 3 (g 2 + g 2 d ))} > 

c 3 = -v/3(333<£ + 13 g* + gl + 40<^)/2 < 



(4.19) 



With these coefficients and (|3.5|) one finds the (real, positive) eigenvalues for this case. 

One root is again massless, Ai = cor- 
responding to the hypercharge field U{1)y- 
Its associate eigenvector is identical to the 
corresponding one of the D6 brane models 
(Class A and B) and leads to the same value 
for the hypercharge coupling g y in terms of 
g a , (a = a, .., d). Hence 



1 

9y 



1 1 

36 si 



11 11 



(4.20) 



This value of g y is compatible with the hy- 
percharges of the SM fields as given in Ta- 
ble ||. The constraint ( 4.20 ) is again used 
for evaluating the mass spectrum of the 
U(l) fields. Here we only discuss the light- 
est of these states which is M3 = ^/X^Ms 
in terms of the ratio gd/gc- From Figure || 
we note the smallest value of M3 (in string 
units) exists when the couplings gd and g c 




Figure 5: The lightest mass M3 (string units) of 
the D5 brane model addressed in section in 
function of gd/gc is reached when gd « g c . The 
remaining (non-vanishing) mass eigenvalues (not 
shown) are M 2 « (8 - 13.5) x M s and M 4 « M s 
(for same range of gd/gc)- 
have close values, and is M3 ~ 0.3M$- This 

value has further corrections from electroweak symmetry breaking, but these are sig- 
nificantly suppressed (by the factor M^/Mj) even for a low string scale and are ne- 
glected in this discussion. The remaining mass eigenvalues (not presented) have the values: 
M2 ~ 8M5 for gd ~ 0.1g c with mild variation (increase) up to M2 ~ 13.5M5 for g d = 10g c . 
Also M4 « Ms for most values of gd/gc between (0.05,20). 
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Generic constraints on the masses of additional bosons of about 500-800 GeV give the 
strongest constraints on the value of Ms when they are applied to the lightest (in string 
units) state M3 rather than to (larger) M<i^. Taking into account the minimal value for 
M3 ~ O.3M5, one predicts Ms > 1.5 — 2.4 TeV. This lower bound on Ms is rather similar 
(although somewhat smaller) to the previous case of D6 brane models that we addressed. 
The effects of electroweak symmetry breaking in this D5 model and consequences for Ms 



values are addressed in Section 5.2 



5. Constraints on explicit D6 and D5 models from the p-parameter. 



We have so far investigated the masses of the additional U(l) fields in the absence of elec- 
troweak symmetry breaking. At low energies, the effects of electroweak scale physics (EW) 
become important and the action term below due to ( |2.12j ) receives further corrections. 
Such corrections induced onto the masses of the extra U(l)'s of the previous section may 
be computed using the procedure outlined in Section |3.2| , eq.( |3.12| ), as a perturbative ex- 
pansion in r\ about their values in the absence of EWS breaking. Since these effects are 
relatively small, they will not be addressed. In this section we instead compute the correc- 
tions induced on the mass of Z boson by the presence of the additional f7(l)'s, as outlined 
in Section [T^. Such corrections, induced by the mixing of the Higgs state with some of 
the initial t/(l)'s (massive) are of stringy origin since the masses of the additional U{\) are 
themselves of this nature. Therefore the corrections to Mz we compute are not due to a 
Higgs mechanism. Regardless of the phenomenological viability of our models, we find this 
mechanism very interesting and worth further attention. Finally, we use the corrections 
to Mz that we compute for D6 (Class A and B) and D5 brane models to impose (lower) 
bounds on the value of Ms, by making use of the current constraints on the value of p 
parameter. 

We start with the following term in the action 



ci = Ij2 m ^a p = 



a,0 



a,f3 



g a gpM 2 sY, d 



A a A/3, a, /3 = a,b,c,d. (5.1) 



Including electroweak symmetry breaking effects on the masses of U(l) fields requires a 
careful examination of the Higgs sector. We remind the reader that the Higgs sector is 
charged under both U{1)\ } and U(l) c , as presented in Table ||, thus A a (a = b, c) fields will 
have couplings at the electroweak scale to a = Hi or hi and also to W£. All the couplings 
of U(l) a fields can be read off from the following additional term in the Lagrangian 



C 2 = {D^a)\D^) } 



(5.2) 



d» + ig L f.W» + i Y, 9aq a A£ 



a=a,b,c,d 



<J 



8=1 



In the last step, following the previous approach, we made explicit the change of basis 
performed in previous section. The field a stands for any of the Higgs fields in Table || 
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The above equation also shows the relative normalisation of the couplings (also gi = 2g b ) in 
the SU(2)l and U(l) sectors, in agreement with U(l) a charge normalisations/assignments 
in Tables §, |. 

The mass eigenvalue problem for U(l) fields with electroweak symmetry breaking re- 
duces to diagonalising the 5x5 mass matrix M. 2 i with 7, 7' = {a, b, c, d, e} which we 
present below in the basis of U(l) a (a = a,..,d) and Wg. We denote by Vi /V2 (i=l,2) 
the v.e.v. of a Higgs field Oj with Uj = Hi (Class A, nu = = 0) or Oi = hi (Class 
A, nu = OjW/j = 1). For Class B the mass matrix can again be read from the one written 
below. We have 



= Mj e = 0, 



7,7 
7 = 



= a, b, c, d, e 
a, b, c, d, e 



(5.3) 



with M 2 ^ (a, (3 = a, ...,d) as in ( |2.12j ) and with 



A ce 
A fi , 



</ 2 



A 



c6 



Z Z 1 

v v l + 

9b9c 



9b (w? + "2) . < > 2 

= 5g b g c {v\ + v%), 



2 1 2 

«1 + «2- 



9l 



2 „,2 



A e6 



2/ 2 1 2\ 

3c («i +^2) 

,,2 I rp / \ 2 



r 3 (cri) ft^U! + r 3 (cr 2 ) q ba2 v 2 = -5g b g L /2 (v x + v 2 



9c9L [73((Ti) g CCTi Ui + T 3 (cr 2 ) g CCT2 ul 



«?i[T|(ai)«? + T|(a 2 ) 



vl] 



i] 

2 1 „.2\ 



-9c9l/2 (vf + v. 



27) 



(5.4) 



with (5 = +1 if o, = i^j (Class A, n# = l,rt/j = 0) and 5 = —1 if o, = /ij (Class 
A, nu = 0,rih = 1) respectively. Class B of D6 models has a Higgs sector which is a 
superposition of both possibilities above, with appropriate choice for the v.e.v. of the 
Higgs fields involved. For Class B one formally replaces 5 — * cos(2#) with 9 the mixing 
between hi and Hi sectors, to be detailed later (formally 9 = 0,7r/2 for Class A). For the 
D5 brane model discussed before, the electroweak sector is that of class A models with 
5 = +1. All matrices (7W 2 ,A) are symmetric, with remaining entries of A not defined 
above, equal to zero. The mass eigenvalue equation for M 2 gives (see also ( 3.10D ) 



A(A 4 + o 3 A 3 + o 2 A 2 + 01 A + o ) = 



(5.5) 



Thus the matrix M 2 , has a zero mass eigenvalue corresponding to the photon eigenstate. 
Its eigenvector is a simple extension of that of hypercharge eigenvector w\ given in eqs. 
(PP and ( gig ): 

(5.6) 



ei 



\ei\ [3g a 9c 9b 
This confirms that the anomalous U(l) b field is not part of the photon eigenstate, as 
expected. 

We now compute the root of eq. (|5.5|) corresponding to Mz- The remaining roots 
which are electroweak corrections to (stringy) masses of U(l) fields of previous sections 
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can be computed in exactly the same way. Although the method we use to computing Mz 
is similar to D6 (Class A and B) and D5 brane models as well, we consider these cases 
separately. This is done because the Higgs sector is different and because it is our intention 
to compare separately the results of D6, D5 models with their corresponding cases before 
EWS breaking. 



5.1 D6-brane models. Stringy Corrections to Mz and Bounds on Ms- 
5.1.1 Class A models. 



For Class A models of Table [6| one may compute the roots of eq.(5.5) explicitly. Analytic 



formulae for these exist, but they are long and not very enlightening. Instead one can com- 
pute these solutions as expansions in r\ about their values in the absence of the electroweak 
symmetry breaking. We take account that the coefficients oo, o±, 02, 03 of Q5.5|) contain 
corrections linear in 77 in addition to their values in the absence of the EWS breaking 
(represented by the coefficients in eqs.(|4.2j)). In Class A models the coefficients Oj are 

= ??S0, 7]=<(/)> 2 /M§ 

01 = Ci + r]Si i = 1,2,3. (5.7) 

so, Si are independent on < <p > (oj — > Cj if < 4> >~ > 0). 
A A „2 2 

4:6 i/fe "cl r2 2 2,n2r2 2i 2/2, 2\11 

s = R 2 2 \9b 9 C 9 d +$9a [9c 9d + 9 b \9 C + 9 d )\ } 
p 2 V 

e 2 

s i = W^i {Phi" 2 [4 Pi fa {gl + 9 2 c ) gj n a2 n c i -4/3? {g 2 c g\ + g\ {g 2 c + g 2 d )) n 2 cl ] 

+ Pi W b gl{Vgl + g 2 d )n b in c iv 5 - n 2 cl {2g 2 g 2 g 2 + 9g 2 a [g 2 c g\ + 2g 2 (g 2 c + g 2 )))] 

- Pi gl {gl + gl) (9 gl + gj) (4 p\p\ e 2 + n 2 a2 v 2 p 2 + dp^nl) } 

s 2 = Wa + 9 2 d) (4/? 2 2 6 2 + n 2 a2 u 2 ) P 2 - mPiglnaWdV 2 } {2g 2 + g 2 ) + 

+ i Wc + glWd - Qgln bl nciu5+ (±p 2 e 2 + 9n 2 bl v 2 ) (g 2 + g 2 )] 
P2 

s 3 = -2g 2 -g 2 (5.8) 



One eigenvalue in ( |5.5[ ) is Ao = with the remaining ones denoted by Aj with i = 2, 3, 4, 5. 
In the limit r] — > 0, ^2,3,4, are equal to those in the absence of the electroweak symmetry 
breaking (and non-zero) see eqs. (|3.5| ) ( ^4.2[) . Their electroweak corrections are suppressed 
by powers of rj relative to their non- vanishing value in the absence of EWS breaking, are 
very small and we will not address them further. For our purpose, we are interested in 
the remaining A5 which is the only one to vanish in the limit 77 — > 0, and may thus be 
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approximated as an expansion in positive powers of r\ (no constant term). This is just the 
mass of the Z boson. We thus search for a solution to Mz of the type 



M 2 =X 5 M 2 S = [ rj Z 1 + 11 2 b + r ] 3 Z 3 + r l A U+ • • •] Af 



[1 + V&i + V 2 &l + V 3 &i + • • •] £1 < > 2 (5-9) 



To compute £1, £211 £31 we use eqs.( |5.5| ), (f>.7\), (|5.9|) together with Cj of ( |4.2| ). Discarding 
terms of order 0(?7 5 ) in ( |5.5| ) we find 7 

Ci = {<? 2 <7cffl + 9 5 2 [5c5d + g 2 b (9c + 3d)] } [s 2 *? 2 ; + ^lidl + M ~* 

= ^(4g 2 +g 2 ) (5.10) 

where in the last step we used the hypercharge coupling definition eq.(4.9). For £21 w e find 

61 = " {iPlPfe 2 g A c (9g 2 a + g 2 ) 2 + $ [(g 2 g 2 + 9g 2 a (g 2 + g 2 )) n cl - 3g 2 c n bl u 5 (9g 2 a + g 2 )} 2 

+P 2 9 y [P2n a2 (9g 2 a + g 2 d ) - 2(3 ig 2 d n cl ] 2 } {ifi^e 2 [g 2 g 2 d + 9g 2 a (g 2 + gj)] 2 n^}"' 



Since £21 < the mass Mz ( p.9|) will be smaller than that of the SM Z boson. Note that 
£21 is similar for all models with same n a 2, P2 of Class A defined in Table || (except the 
term in the second square bracket depending on n c i). The first (squared) square bracket 
in £21 is similar for all models of Class A, since n c \n b \v = — 1 is invariant for all models. 
This will imply similar behaviour for all models of Class A that we address. 

In terms of the chosen parameters of Class A models, the ratio 1Z = gd/dc and n a 2, £21 
may be re-written as 

61 = - {Pi [2[3ig 2 isn cl (l + K 2 ) - (36<£ + g 2 K 2 ) fon^vf + 4/3?$e 2 (36<£ + g 2 y K 2 ) 2 

+ [g 2 n bl vK 2 + 12g 2 a [3n bl is -n cl (l+K 2 )5}] 2 } [5184(3 2 /3 2 e 2 g y cl (l + TZ 2 ) 2 ] ~\5.11) 

and this will be used in the last part of this section. Finally, the expression of £31 is 

£31 = (I6^i^|e 4 ^03 n ci) 1 [ 2a o a i + 3a aia 2 a 3 - /^/^ 0^0304 + a§(/3?/3f^a a 5 + af)] 

(5.12) 

where the coefficients ai (i=l,..5) are given in Appendix II. Unlike £211 £31 has no definite 
sign 8 . Numerical investigations for all models of this class show that the effects of £31 
are very small relative to those induced by £21 and this ensures our procedure is rapidly 
convergent. 

We therefore find that 

M z = \ (4<? 2 + 9 2 y ) < <t> > 2 [1 + V&i + r/ 2 6i + • • •] 
=M|o[l + 7 ? 6i+r / 2 e 3 i + ---] (5.13) 



7 The definition of £1, £21, £31 in terms of d and Si was outlined in (3.16). 

8 For a Class A model with /3i = 1/2, v — 1/3, P2 = 1, n \ = 1, nt,i — —1, 5 = +1 numerical 
investigations show that if gd/g c ~ 0.7 or less, and with n a 2 taking values smaller than 20, £31 > and has 
an opposite effect to £21, to increase Mz- For gd/g c > 0.7, £31 < 0, and its effects add to those of £21 to 
decrease Mz- Generically £21 = 0(1) up to 0(10) and the ratio £31/^21 is of order 0(1), except cases with 
g<i/gc < 1 for large n a 2 when the ratio may become larger, up to O(10). 
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which in the lowest order in n recovers the usual mass formula of Z boson (4g% = g\) 
induced by the Higgs mechanism alone. £21 does not depend on the coupling gb{gL) as this 
(electroweak) dependence is factorised into the first term in the expansion of Mz- Higher 
corrections (£31) depend on since Higgs state was charged under U(l)b, U(l) c (which 
also mix) see Table ||. The difference between models of Class A with nu = l,rih = or 
with nu = 0, rih = 1 is marked in eqs.( 5.1l| ), ( |5.12| ) defining £ 2 i and £31 by the presence of 
5 = +1 and 5 = — 1 respectively. 

The above correction to Mz is due to the initial presence of additional J7(l) a 's and 
their mass in the absence of EWS breaking, eq. (|5.1| ) induced by the couplings of their field 
strength tensor to the RR two form fields, FAB. Thus the correction ( 5.13j ) is not due 
to the Higgs mechanism. Given the string origin of the couplings FAB, the additional 
correction to Mz, as a result of mixing with the U(l) a bosons, is itself of string nature 
and there is no Higgs particle associated with it. This mechanism is interesting in itself, 
regardless of the phenomenological viability of the models. 

From equation Q5.13D we can now extract (lower) bounds on the value of the string 
scale for all possible models of Class A, Table [6|. This is done by using the definition of the 
p parameter 



P 



M| cos e w 



(5.14) 



with p = po for SM case. Experimental constraints give that for a Higgs mass 9 at 115 GeV 


Ap _ ±0.0006 
To" ~~ 1.0004 



(5.15) 



and this will be used in the following to impose bounds on M5. From eq.( |5.13j ) for corrected 
Z mass we find that 

^ = -1 + - 

Po 1 + V 61 + vHsi + 0(n3) 



(5.16) 



which may be solved for n in terms of Ap/pQ. From ( 5.16| ), the (lower) bound on Ms is 
given by 



Ml =< > 2 (-61) 



1 + 



P 

Ap 



1 



&l + Ap/p° 



1/2 



(5.17) 



Since the correction to Ms due to £31 (relative to the case when it is ignored) is very small 
(less than 0.1%) we can safely neglect it (also po/Ap 3> 1) and keeping the lowest order in 
r\ one finds 



Mi 



<d)>< 



t \ Po 
Ap 



(5.18) 



Since £21 < 0, Mz is decreased from its SM value, so Ap = p — po > 0. Therefore the 
positive correction in (5.15) is considered. Eq. (5.18]) shows that the (lower) bound on 



9 We use the value of the p parameter which complies with this value for the Higgs mass. One can 
ignore this constraint, and consider the value of p = 1.0012 + 0.0023/ — 0.0014 [fS whose implications (of 
decreasing Ms by ft; 1.96) for our findings may easily be recovered from eq.(5.15). 
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Figure 6: D6 brane models: Class A models. 

(A) : Lower bounds on the string scale, Ms (GeV), in function of the ratio gd/g c , with n a i fixed for 
each curve. n a 2 is increasing upwards (step 5) from n a 2 = (lowest curve) to n a 2 = 20. The plots 
correspond to a model of Class A defined by fli = 1/2, v = 1/3, (3 2 = 1, n cl = 1, n^i = —1, S = +1. 
Lowest M s is 10 TeV. 

(B) : As for (A) but /3 2 = 1/2 (also v = 1/3, fa = 1/2, n c i = 1, n bl = -1, S = +1). The lowest 
allowed Ms can be as small as 5 TeV. This value and that in (A) may further be decreased, by a 
factor of up to 1.96 when relaxing the constraints on Mjj, see text. 



Ms is raised as the uncertainty Ap of measuring po is reduced. With our choice for the p 
parameter consistent with Mh = 115 GeV eq. ( 5.1§| ) gives 



M s as 10046.7 x |f 2 i|3 GeV. (5.19) 



Using expression ( |5.17] ) or ( |5.16 ) one can derive bounds on Ms in terms of the parameters 



of the model (ratio gd/gc and n a 2). These are in very good agreement (< 2% for Ms) with 

l a/3 



the one derived using a full numerical approach to finding the value of Mz from M^g of 



(|5.5| ) and from that constraints on Ms- 

We start with the first example of Class A models of Table ^. For this particular model 
with: 5 = +1, v = 1/3, j3\ = 1/2, fa = 1; n bi = — 1) n ci = 1> Figure ||.(A) presents the 
numerical dependence of the string scale in function of gd/gc for various n a 2- The plot takes 
into account that gd and g c are not independent, but correlated to g y (via eq.( |4.9| )) which 
is kept fixed. The lower bounds on Ms are in the region of 10 TeV for large (parameter) 
ratio gd/g c - These bounds increase significantly up to a range of 22 — 40 TeV, as n a 2 is 
increased from to 20, for regions with the ratio of couplings gd/gc < 1- All models of 
Class A (Table ^) which differ from this example only by n c \, n^i, 5, with fi\ = 1/2, fa = 1> 
v = 1/3, have very similar dependence with respect to gd/gc (for given n a 2) and the same 
bounds on Ms, as in Figure ^ (A), (B). This similarity may be noticed from a careful 
analysis of £21 which sets the behaviour of Ms- 
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1.2x10" 



/.Ox/0' 



e.ox/o 1 - 



4M10 X - 



We note the large spreading with re- 
spect to n a 2 for fixed gd/g c < 1 (thus the 
wide range of values for Ms) in Figure |(| 
For similar ratios of gd/gc and range of n a 2 
values as in this figure, the amount of U(l)b 
in the mass eigenstates M4 has a significant 
effect (spread) with respect to n a 2 (similar^ 8.0x10 
case for M2 but less significant), while in 
this effect is small. Note that very approx- 
imately Ms is proportional to the product 
of M2 and M4. The spreading/sensitivity 
of Ms with respect to n a 2 for fixed gd/g c 
in Figure |6] is then induced via M4. As we 
increase the ratio gd/g c , the spreading with 
respect to n a 2 disappears, and U(l)b domi- 
nates in M3 but not in M24. 

As another example we show in Fig.^ 
the constraints for a model corresponding to 
the third line of Table [f| defined by v = 1/3, 
Pi = 1/2, P 2 = 1/2, n a2 = n b i = n c \ = 

nd2 = 1- As mentioned in Section such a model may be "approximately" supersym- 
metric in the sense discussed in With all these parameters fixed, only gd/gc remains a 
free parameter and we can plot the limit on the value of the string scale Ms as a function 
of gd/g c - In this case we must have Ms > 5 TeV in order to be within the experimental 
limits for p. 

As a general conclusion one finds that constraints from the />parameter are somewhat 
stronger than those obtained from direct searches. Very often the constraints imply the 
need of rather high (of order 10-20 TeV) values for the string scale. Still, we find that the 
string scale can have values as low as 5 TeV, Figure |^.(B), while still accommodating the 
constraints from the p parameter. These values of the string scale may further decrease by 
a factor of « 1.96 if the uncertainty in the p parameter that we used (+0.0006) throughout 
this analysis and in Fig.^ and Fig.|| was relaxed to (+0.0023) [|l7|] which does not take 
account of the constraint Mjj = 115 GeV. This would lead to Ms as low as 2.5 TeV for 
(some) Class A models. 



2 4 6 8 

Figure 7: D6 brane models: The string scale 
Ms (GeV), in function of the ratio gd/g c , corre- 
sponding to a model of Class A, line 3 of the Ta- 
ble ^, parametrised by v = 1/3, pi = 1/2, 02 = 
1/2, n a2 = n b i = n c i = n d2 = 1. 



5.1.2 Class B models. 

For class B models of Table ^| we use an approach similar to Class A models to find lower 
bounds on the value of the string scale. However, eq . ( |5 . 7|) has a different structure, as 
corrections 0(t] 2 ) to Cj are now present in the definition of o, and care must be taken in 
finding the analytical expansion in 77 for Mz- For this one may use the expansion outlined 
in eq.(fT|). 
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In Class B models there are two Higgs sectors, Hi (i=l,2) with vev's Vij\f2 and hi 
(i=l,2) with vev's Vi/^/2. We therefore need to introduce a further parameter (in addition 
to gd/g c and n a 2), the angle 9 defined as the mixing between the two Higgs sectors (Hi 
and hi respectively): 



< 4> > 2 = v\ + v\ =< $ > 2 cos 2 I 

< ~4> > 2 = v\ + v\ =< $ > 2 sin 2 f 



(5.20) 



As in Class A one can compute the corrections to Mz as an expansion in the parameter 
< $ > 2 /Mj. Using eqs.(|J), Q, and (|oT20|) one finds 



Ml = [l+r ? , 6i+r/ /2 e 3 i + ---]6<^> 2 , 

= - (Ag 2 +g 2 y )<$ > 2 [1 + rf 6i + V 2 &1 + 



:< $ > 2 /M| 



(5.21) 



= Af 2 j0 [l + r? / 6i+??' 2 6i + ---] 
In (I5T2I ) we used eq. (]4.16| ) to re- write £1 in terms of the hypercharge coupling: 

£1 = {ghhl + % 2 + 9 2 b (9c + si)] } + % 2 (S 2 + <$] -1 = ~(4<? 6 2 + si) (5-22 
We also have that 

61 = - {4/3 2 4 /3 2 e 2 5c 4 (9<7 2 + g 2 ) 2 + &r? cl {g 2 g 2 + 9 5 2 ( 5 2 + g 2 )f cos 2 (20) 

+ /? 2 <? C V [/3 2 (9 5 2 + ^K 2 - 2/? l5 2 n cl ] 2 } {4/3 2 /3 2 e 2 [ 5c 2 5 2 + 9 5 2 ( 5c 2 + g 2 )] 2 n 2 ^ 

which has an expression very similar to that of Class A, see eq.( |5.11[ ). As in Class A, 
£21 < thus Mz is decreased from its SM expression. £21 may be re-written in terms of 
the (chosen) parameters (1Z = gd/g c , n a 2, 9) as 

61 = - {Pi [Wig 2 y vn cl {l + K 2 ) - (36<? 2 + g 2 y K 2 ) p 2 n a2 v] 2 + 4/? 2 /? 4 e 2 (36 5 2 + 5 2 ^ 2 ) 2 

+ 1296$g*n 2 cl (l + TZ 2 ) 2 cos 2 (20)} x [5184/3 1 2 /3 2 e 2 5 4 n 2 1 (l + ^ 2 ) 2 ] -1 (5.24) 

which will be used in the following. Finally, for the coefficient £31 we have 



(5.23) 
< 



£31 = 9 C ih + h 



6 6 cos(4^)](32/3 1 /3 4 e 4 5 2 n 4 1 6 4 ) ' 



(5.25) 



where the coefficients hi (i = 1, ..7) are presented in Appendix II. Unlike £21 which is of 
definite sign, £31 is either positive or negative in function of the ratio gd/gc and the value 
of n a 2- Considerations similar to those made in Class A for the expansion in 7/ apply here 
as well. The accuracy of this analytical approach compared to the full numerical one to 
computing (the corrections to) Mz from ( |5.5| )) and from these the bounds on Ms, is within 
2% for the string scale prediction. 

Using the same procedure as in Class A, we find a similar expression for the string 
scale bound 



Mj =< $ > 2 



-61) 



1+ PC. 



1 



61 Ap/pp 

e 21 1 + Ap/po 



I 1/2 



< $ > 2 (-61) (5-26) 
Ap 
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Figure 8: D6 brane models. Class B models: 

(A) : The value of the string scale, Ms (GeV), in function of the ratio gd/g c , with n a 2 fixed for each 
curve and increasing upwards (step 5) from n 2 = (lowest curve) to n a 2 = 20. The lowest Ms 
for which correction to Mz is within the experimental error for the p parameter is « 2.5 TeV. The 
model is defined by v = 1, (3\ = 1, 02 = 1) n ci = 1, ^fci = 0, = 7r/6. 

(B) : As for (A) but with v = 1/3 (also ft = 1, ft = 1/2, n cl = 1, n 6 i = 0, 6 = tt/6). The change 
in v brings a range for Ms similar to that of Class A models, where this parameter has the same 
value. Lowest Ms which still respects p constraints is w 1.5 TeV. 



and where £21 a ls° depends on the angle 9, the direction of the vev solution. 

The constraints on the string scale obtained in this way for two examples with v = 
1, 1/3 see Table ||, are shown in Figure ||(A) and (B). One may check that these figures are 
very similar for all other models of Class B. They show the range of bounds on M$, which 
in some cases may be slightly different from Class A models. This difference is mainly due 
to the value of v parameter. In Figure ^ (B), as in Class A models, v = 1/3 and somewhat 
similar bounds on M5 apply. However, in Figure |(A) v = 1 which gives higher (lower) 
bounds on M$ than in Class A models. This is consequence of ( |5.26 ) and definition of £21- 



Figure |8| also shows that if coupling is much smaller than g c , the bounds on Ms are not 
as low as when they are equal or if 3> g c . In the latter case these bounds can be as low 
as 2.5 TeV (Fig.| (A)) or 1.5 TeV (Fig.| (B)) with little dependence on n a2 . 

As a general conclusion one finds that Ms may be as small as 1.5 — 2.5 TeV. Again, 
we should mention that if we relax the constraint on Ap that the Higgs state have a mass 
equal to 115 GeV, the above lower bounds on Ms will decrease (as discussed for Class 
A models) by a factor of ~ 1.96, to give bounds on Ms as low as ~ 1 TeV for Figure 
|§[(A) and (B). In such case constraints from the value of the masses -^2,3,4 be larger than 
« 500 — 800 GeV may become stronger (but also n a 2 dependent) because Ms can be as 
large as 5 times M4 (for S> g c ) see Figure ||].(F) (n a 2 = 10). This would give a value for 
M s larger than 2.5-4 TeV. 
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5.2 D5-brane models. Stringy Corrections to Mz and bounds on Mg. 



The D5-brane model that we address here 



is that referred to in Section L2 in the ab- 
sence of the electroweak effects. For this 
model we proceed as in D6-brane models 
and search for a solution to Mz as an ex- 
pansion in rj =< (f) > 2 /M%. The elec-l 
troweak correction to the matrix M 2 ^ ex-c 



1.4x10 



1.2x10" 



1.0x10" 



8.0x10 



amined in this model is identical to that^ 
of Class A of D6 models with 5 = +1 (see 



? 6. Ox/0 



4.0x10 



eq.(5.4)) since the Higgs sector is similar 
and contains only H{. 

The mass eigenvalue equation of ( |5.5D 
has new coefficients Oj with electroweak cor- 
rections to their corresponding value Cj of 



2. Ox/0 



4 

9jg c 



( |4.19[ ). These corrections contain only terms Figure 9: The string scale Ms (GeV), in func- 
linear in 77. Using an approach similar to tion of the ratio gd/g c , for the D5-brane model of 
that of previous sections we find that Section [T| Lowest M s is « 3 TeV for g d /g c > 1. 



Ml = A 5 M| = M| )0 [I + 77 61 + ?? 2 61 + • • •] 
where Mz,o is the usual SM Z boson mass and £21 is given by 

61 = - [52^ + 18 ff ^ c 2 5 2 ( 5o 5 2 + 6g Jj) + 81^(49<7 C 4 + 12g 2 c gj + 3gj)] 



(5.27) 



18V3( 5c 2 5d + 9^(5 c 2 +5d)) : 



-1 



< 



(5.28) 



Thus Mz is again reduced from its Standard Model value. Since the couplings g 
a,..,d) are not independent, but correlated to the hypercharge coupling, we also present 
the expression of £21 i n terms of g y and 10 of the only independent parameter ft = g^jg c of 



the model. All these are evaluated at the string scale. With (4.20) we have 
61 = - [72s2sJ(l + 44ft 2 + 3ft 4 ) + <7 4 (1 + 4ft 2 + 43ft 4 ) + 1296 5 4 (49 + 3ft 2 (4 + ft 2 ))] 



23328\/% 4 (l +ft : 



2\2 



(5.29) 



Similarly to Class A and Class B models, lower bounds on the string scale in terms of the 
ratio ft = gd/gc may be found from the experimental constraints on p parameter. The 
relation between the string scale, p and £21, £31 found in previous cases, see eq.( |5.17| ) holds 
in this case as well. The corrections due to £31 relative to the leading contribution in r] due 
to £21 is less than 0.1% for the string scale prediction. 

In Figure [9| the dependence of Mg on the ratio gd/g c shows the lower bounds on the 
string scale which still comply with the experimental constraints on the parameter p. The 
bounds on Ms can be as low as 3 TeV for large ratio gd/gc- This (lower) bound derived 
from constraints on p is stronger than those derived from using the (bounds on the) mass 
10 g y is fixed from iow energy physics. 
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of the lightest gauge boson M3 (section |4.2| ) which gave M$ larger than 1.5 — 2.4 TeV. We 
conclude that the lower bounds on M$ are similar to those of D6 brane models. 

We end this chapter with a reminder of our last remark of chapter 2. We have obtained in 
chapters 4 and 5 bounds on the masses of the extra Z' bosons in the specific intersecting 
D6 and D5-brane models reviewed in section 2. In translating these bounds into bounds on 
the string scale Mg we are setting possible volume factors to one. If such volume factors 
are very different from one, the constraints on Mg will change accordingly. 



6. Conclusions 

The possibility of detecting additional bosons Z' when exploring energies beyond the Stan- 
dard Model scale has attracted much attention over the years, partly because it is one of 
the simplest extensions of the Standard Model and also because of the clean experimental 
signatures. String theory further increased this interest in the mid 1980's by the natural 
appearance of extra U (l)'s inside Eq, for instance. A thorough analysis has been performed 
in the past on the low energy effects of that particular class of C/(l)'s. 

In this paper we have studied a very well-defined class of additional massive Z bosons 
that appear very naturally in D-brane models. Two of them have triangle anomalies which 
are cancelled by a Green-Schwarz mechanism. The third additional (Abelian) gauge boson 
is familiar from left-right symmetric extensions of the SM. We may say that the existence 
of these extra £7(1) 's is a generic prediction of D-brane models. If the string scale is 
low, these Z's should be detected very soon. Furthermore, as we have discussed in the 
text, these correspond to very familiar and natural t/(l)'s that have not only a compelling 
motivation from D-brane models, but also play an important role in explaining for instance 
the stability of the proton. 

We would like to emphasize that string theory provides a mechanism in which these 
gauge bosons can acquire a mass independent of the Higgs mechanism. Their mass can 
be understood in terms of two dual Stuckelberg mechanisms in which either the massless 
gauge boson "eats" a scalar or the stringy antisymmetric tensor "eats" the massless gauge 
boson. The important point is that for this to happen it is not necessary for a scalar field to 
acquire a vev and therefore the origin of their mass is not due to a Higgs field. In addition, 
the mixing of the t/(l)'s implies that a fraction of the mass of the Standard Model Z° 
boson may be due to this "stringy" mass term, which combined with the ordinary Higgs 
mechanism would provide the total mass for the Z° boson. Such string corrections have 
been investigated in this paper. 

We have studied the mass matrices of these U(l) fields and obtained general con- 
straints from precision experiments on the value of their mass. Our numerical analysis has 
concentrated on D6- and D5-brane intersection models, but we expect analogous results 
for other D-brane models. We have also set possible volume factors equal to one. We 
have found that generically one of the extra Zq's tends to be more massive, with mass of 
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approximately 10 times larger than the string scale, typically the multi-TeV region. The 
second and the third boson may be light, within a factor varying from 1 to 10 smaller than 
the string scale. In some cases these states may be even lighter, depending on the exact 
parameters of the model (large n a 2)- These states mix in a non- negligible manner with the 
physical Zq. 

Given the generic nature of these gauged C/(l)'s in D-brane models, we think that 
the experimental search of their production at colliders is of great interest. Further, their 
presence could eventually be detected in precision electroweak data, as we have discussed 
in this paper. It would be amusing if the first hint of string theory could come from 
electroweak precision measurements. 
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Appendix I: The Z Boson Eigenvector 



In this Appendix we show how to compute the Z-boson eigenvector in intersecting D-brane 
models. We start with a comment on the "Standard Model limit". In the Standard Model 
case, to restore the electroweak symmetry limit, one has to take the limit v — > in the 
mass formulae 



m 



and at the same time the limit 



z-- A (9l+9 2 y )v 2 
in the formulae involving mixing: 
9L 



cos 9w 



9l+9 2 y 



Ay = cos Oy/Bh — sin 9wW 3 



Az = smOwBh + cos 9wW 3 . 
In this limit the Z boson wavefunction approaches the hypercharge wavefunction: 

Az —> Bh- 



(A-l) 
(A-2) 

(A-3) 

(A-4) 
(A-5) 

(A-6) 



This is because in the unbroken phase SU(2) is restored and the U(l) inside the SU{2) 
does not mix anymore with hypercharge. 

Thus, one possible limit that one can take in our formulae to follow is v — > 0, as long 
as we also take ql — ► 0. This takes us to the regime where electroweak symmetry is not 
broken and therefore hypercharge is still a good symmetry. Another interesting limit is 
Ms — > oo. This decouples the heavy states and one should arrive in this limit to the broken 
phase of the Standard model. 

We first derive a perturbative solution to the eigenvector of Z boson. We denote this 
eigenvector Z. From our perturbative solution to the eigenvalue problem, we found that 
the mass matrix M has one zero eigenvalue corresponding to the photon with eigenvector 

= -L(-L n -I 1 

111 39a 9c 9d 9L 

where 



(A-7) 



1 

W\ 



9y9L 



Then, the photon eigenstate can be written as 

9y 



9L 



t, A a A c Ad 
3g a 9c 9d 



9y 



9l+9 2 y 



-.W 6 



(A-c 



(A-9) 



with W 3 the third component of the SU(2) gauge field. We can now write this in a more 
familiar form, namely 



cos OyyBh — sin 9 wW , 



(A-10) 
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where we have defined the hypercharge state 



1 11 

7; -Ac H A 

3#a 5c 5d 



and the Weinberg angle 



cos 9w 



9l 



(A-ll) 



(A-12) 



as in the Standard Model. One immediate consistency check is that ( A-ll[) corresponds 
precisely to the hypercharge eigenvector 



^ = ^(—,0,-1 -)• 

2 3^ a g c g d 
The (light) eigenvalue corresponding to Z boson is 



(A-13) 



ez = -M+g I y )v I {l + r 1 t 21 + 0{r ] ')), 



We denote its associated eigenvector by 



1 



Z = T^(Z1,Z2,Z 3 ,Z 4 ,Z 5 ). 



(A-14) 



(A-15) 



The remaining three eigenvalues (large) and associated eigenvectors can be approximated 
by their values in the absence of electroweak effects, the latter having in this case negligible 
effects. 

To compute the eigenvector Z one solves the equation 



M-Z = e z -Z. 



(A-16) 



This is a 5x 5 linear system with det(ftA 2 ) = det(M 2 + A) = 0, which implies that one of 
the equations is redundant. Removing the last of them, the system that we have to solve 
is 



f Zl \ 

Z3 

\zj 



rjY 



where 



Y 



I \ 

\,9b9L 

\gc9L 
V J 



zr,. 



M { 4) + A (4) - ■ 1 (4) 



(A-17) 



(A-18) 



and M?^ is the upper four by four non vanishing sub-block of M 2 and A( 4 ) is the corre- 
sponding sub block of A (with the units divided out). The solution to this can be written 

as 

zi = -^]{Y X2 g h + Y 13 g c ), (A-19) 
1 

—1 



Z2 
Z3 



^V( Y 229b + Y 23 g c ), 

-M Y 329b + Y 33 g c ), 



(A-20) 
(A-21) 
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where we have normalized z& = — — . We find the solution 



(A-22) 



9h 



+ 



+ (1 + ^21 



6 5 a 9 2 y-(9l+9 2 y) (l+^2l) [^-(5! + ^)(l+^2l)] 2 
(ff£ + 5y)(l+r/6l) 



^2 



[^-(ff£+^)(l+r?6i)] : 



•p 1 -r ? + 0(?? 2 ) (A-23) 
•P2 -»7 + 0(?? 2 ) (A-24) 



£3 



9 2 y 



+ 



(g 2 L +g 2 )(l + V&i, 



29c 9 2 - (9 2 L + 9 2 y )(l + r?6i) [<7 2 - (s£ + 5 2 )(1 + ^2i)] 2 9c 



% -P3-V + 0(v 2 ) (A-25) 



24 



5y 



+ 



P4-V + 0{r] 2 ), (A-26) 



25d5 2 -(9i + 9 2 )(l + ^2i) b 2 -(5l + 5 2 )(l + ^2i)] 2 

where pi, • • • , P4 are some functions of the model parameters which we do not present 
explicitly. To check our result we take the two limits that we mentioned in the beginning. 

• Ms — > 00. 

All terms proportional to r] vanish and we are left with a simple eigenvector which 
however has to be properly normalized first. Once we do so, after the limit we arrive 
at the Z eigenstate 



A 



z 



9y 



gl + g 2 y 



9 f(±A a --A c + -A d ) 
2 3g a g c g d 



+ 



9l 



gl + g 2 y 



-.W 3 , 



which is 



A Zo = sin 9 W B + cos 9 W W 3 , 



(A-27) 



(A-28) 



precisely as in ( A-5 ). To further take the limit v — > 0, we can proceed as in the SM 
case. 

v -> 0. 

Again, all terms proportional to 77 vanish. Before we take the gi — > limit, we have 
to normalize the eigenvector. If we do so, after the limit we arrive at the eigenvector 



h 



f — ,0, ,-,0), 

2 6g a g c g d 



(A-29) 



which is just the hypercharge eigenvector ( A-13| ) found previously. Actually, since 
the two limits commute, this is just the eigenvector that corresponds to the <?l — > 
limit of ( [F27D . 

We can write the eigenvector in a simpler form if we expand and keep only terms to 0(rf): 



l r 

Xz 



(A-30) 
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where the first part is the Standard Model part (see ( |A-27|) ) 

o 2 g 2 o 2 

%o = {zi ,z 2o ,z 3o ,Z4 ,z 5o ) = (— ^,0, — ^-,-^,2g L ), (A-31) 

3#a ffc 9d 



and the perturbation is 



with 



Z — (zi, z 2 , z 3 , z 4 , z 5 ) (A-32) 



z 'i = ~2 I2 + Pi] ( A - 33 ) 



5£ COS 2 #iy 
1 

<7£ COS 2 #iy J 

-.2 



22 = ,2^2/. ^ (A-34) 



4= 2 ^ fegfri + ^Ps] (A-35) 
cos 2 W y 3c 

4 = g 2 cos 2 ^ [ ^ 21+P4] (A " 36) 

4 = 0. (A-37) 

Now we determine the norm to order r]. Let 

\Z\ = N + rjN', (A-38) 

where 



N = 2g y ^gl + gl (A-39) 
The requirement that to order 77 the norm is equal to one fixes N' to 

A 7 = z l z i + 1" z 5 z 5- (A-40) 

Finally we can write the Z boson eigenvector as the normalized to one SM eigenvector, 
plus a perturbation due to the presence of the extra £7(1) 's, to order rj: 

Z = iz - V^Zo ~ Z') + Otf). (A-41) 

This corresponds to the eigenstate: 

A z = A Zo - v — [N'A Zo - (z[A a + z' 2 A b + z' 3 A c + z' 4 A d )^ + 0( V 2 ). (A-42) 

It is possible to express the correction in terms of the new basis A\, A2, A3, A4 instead of 
the A a , Ab, A c , Ad basis. In fact, since we are already at 0(rj) we can express the old basis 
in terms of the new basis to zero order. We finally find: 



- V 

+ 0(t] 2 ) (A-43) 



A Z = A Zo (l-^) +^1(407-)-^ 



with sum over i understood. 
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Appendix II: Explicit formulae of £ 31 of Class A & B of D6-brane models. 



For Class A models, the expression of £31 of eg. ( 5. 12 ) is 

£31 = (l6/?i/3|e 4 ^a3 n ci) 1 [ 2a o a l + 3a aia 2 a 3 - PfPlglala 3 a A + (4(PfP 2 g 2 a a 5 + a 2 .)] 
where we used the following notation: 

«o = ghhl + $gl(9c9d + s 2 (s 2 + si)), 

ai = /3 2 4 [(95a + Si) (Sc^ci + % 2 ^i^ 2 ) + 9s2sgn^] 

+S&£i [/? 2 2 (9<7 2 + g 2 d Wh 2 + ^a 2 ^ 2 ) - 4AASd ^ 2 n c i + 4/3^ ( 5c 2 + $ n^] z, 2 , 

a 2 = /? 2 4 e 2 5 2 (# 2 + g 2 c ) {9g 2 a + 5 2 ) - {2g 2 b g 2 c g 2 d + 9g 2 a {gig 2 + 2 ff 2 (g 2 c + g 2 ))) n cl 2 } 

+ 6p 2 4 g 2 b g 2 c {9g 2 a +gj) n hl n cl v5-g 2 b [p 2 2 (g 2 h + g 2 ) (9 g 2 a + g 2 d ) {Pi 2 n a2 2 + 9 p 2 2 n bl 2 ) 
- 4/?i 3 /3 2 {gl + Sc) sl n a2 n cl + 4/3 x 4 ( 5 2 ^ + g\ (g 2 + ^)) n cl 2 ] v 2 \ 



03 = g c gd + 9 ga(g c +Sd), 

a 4 = n 2 x [4/? 4 e 2 (9 5 2 + g 2 d ) + /3 2 2 n 2 2 ^ 2 (9 5 2 + gj) - ±PiP 2 g 2 d n a2 n cX v 2 
+4&V {4(3fe 2 g 2 b + (g 2 + g 2 )n 2 cl + 9g 2 b n 2 bl v 2 )] , 

a 5 = n cl 2 {4/3 2 4 e 2 (2 5 2 + 5c 2 ) (9 5 2 + <? 2 ) + p 2 2 {2g 2 +g 2 ) {9 g 2 a + g 2 ) n a2 2 u 2 
-4 l 2 (2 g 2 + 5c 2 ) 5 2 n a2 n cl ^ 2 + 4 ft 2 v 2 [4 /3x 2 e 2 <? 2 {g 2 b + 5c 2 ) 
+ (ScSd + 2g 2 b (g 2 +gf)) n c i 2 - Q gl g 2 c n bl n c iv 8 + 9 gl {gl + gl) n b 2 v 2 \ } 



For Class B we have for £31 of eq.(5.25) 



£31 = gl [64 + 67-^5 + 66 cos(4tf )] (32/3 4 /3 4 e 4 5 2 n 4 1 6 4 ) 1 
where we used the following notation: 

b 7 = 2p 2 ptg 2 g 2 c b 2 2 [-8p 2 e 2 {9g 2 a +g 2 )b + b 2 n 2 cl ] v 2 

b 6 = Plb 2 nl A [Pi (8P 2 e 2 glg 2 c (9g 2 a + g 2 ) 2 - 9g 2 a g 2 b 1 n 2 cl ) + 2p 2 g 2 b g 2 c b 1 v 2 ] 

65 = 2pfglg 2 b b 2 u 4 [p 2 (9g 2 a + g 2 d )b n 2 a2 - 4/3 1 /3 25 2 6 n a2 n c i + 4p 2 n 2 cl b 3 ] 

b, = Pi [8P 2 e 2 g 2 b g 2 c (9gl + g 2 d ) 2 ^P\e\9g 2 a + g 2 )b + b 2 n 2 cl ) - 9^6?^] 

b 3 = -gtod + 9h 2 c9d(9 2 c + g 2 d) + 9s 2 (s 2 + glMgl + glial + gl)] 
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b 2 = [p2(9g 2 a+g 2 d )n a2 -2f3 ig 2 d n cl \ 2 
h = 9c9 2 d + 9g 2 a (g 2 c +g 2 d ) 

bo = g 2 g 2 d {g 2 - g 2 ) + %l \-g A c + g 2 g 2 d + g 2 (g 2 + g 2 d )] 
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